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CHAPTER ONE  
 
1 Introduction  
 
 
1.1 Motivation and Backgrounds 
During the last several decades (from 1987 to 2016), human society have seen increasing 
natural disasters such as earthquakes, tsunamis, storms, and floods [1.1]. Fig. 1-1 shows 
worldwide distribution of the disasters caused by earthquakes and/or tsunamis each of which 
caused more than 1000 deaths and missing in the past two decades [1.2-1.3].    
 
At the same time the population of the world, both in villages and generally in the cities, notably 
increases, and every next potential earthquake becomes more painful and leads to great loss of 
life in addition to monetary losses.  
 
Generally, it is not realistic to design building structures and infrastructures to withstand strong 
earthquakes by only elastic response and get small damages due to limit imposed by economic 
resources and capacity [1.3-1.5]. Based on the lessons learnt from disasters by previous 
earthquakes and/or tsunamis, many countries such as Japan, China, USA, and Armenia, which 
have painfully experienced severe earthquake and tsunami disasters in the past, have been 
making numerous effort to develop new and economic construction techniques and new 
materials to enhance earthquake-resistant capacity for building and bridge structures [1.6-1.9]. 
Chapter 1 
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Considering the balance between disaster safety and economy, based on numerous studies 
conducted all over the world, several modern representative building codes or standards such 
as IBC code [1.10], AIJ standard [1.11], and Euro code [1.12] provide almost identical seismic 
design criteria for the building and bridge structures located in earthquake-prone regions. The 
established seismic design criteria consist of two requirements;  the first is that the structures 
shall not have any severe structural defects (e.g. the concrete and steel are assumed to be linearly 
elastic materials) after moderate earthquakes, which are repeated often, and the second is that 
the structures shall not collapse when hit by a major design earthquake with an average return 
period of about 475 years, while the building may be seriously damaged (the concrete and steel 
are assumed to be nonlinear elastic-plastic materials).  
 
To meet these criteria, besides sufficient lateral stiffness, a building structure or bridge pier 
must possess ductility enough to assure that it can withstand much larger force induced by a 
strong earthquake. This is why the ductile concrete structures have played a leading role for 
several decades in the construction of building and bridge structures located in seismic areas all 
around the world. However, recent major earthquakes such as the 1995 Kobe Earthquake, 2008 
Sichuan Earthquake, and 2011 Eastern Japan Earthquake have presented a new challenge to 
structural engineering community. As shown in Fig. 1-2, ductile concrete structures hit by 
strong design earthquake didn’t collapse and the aim to save lives was reached, but they were 
left with too large residual deformation to be repaired and finally demolished after the 
earthquake.  So one of the newest issues in the field of earthquake engineering is how to reduce 
the cost of recovery and reconstruction, while the structural systems can maintain sufficient 
resistance to intense aftershocks after being hit by a strong earthquake [1.14-1.15]. 
 
 
Fig. 1-2 Damaged ductile concrete building during Loma-Prieta Earthquake [1.13] 
 
One of the candidates to provide concrete structures with both stable earthquake-resisting 
capacity and low residual deformation is the resilient concrete components. In civil engineering, 
resilience is defined as the capability of a system to maintain its functions and structure in 
Chapter 1 
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conditions of internal and external change and to degrade gracefully when it must [1.16]. In 
other word, resilience means recoverability of a structural member or component after 
earthquake and can be defined in terms of second tangent stiffness and residual deformation. 
The resilience is becoming one of the important requirements for new reinforced concrete 
buildings, and concept of resilient concrete structures is shown in Fig. 1-3 along with 
comparison with conventional ductile structures.  
 
As obvious from Fig. 1-3, a resilient concrete structure or component exhibits both positive 
lateral stiffness up to large drift and reduced residual deformation. It is the positive stiffness 
remained up to large drift that provides concrete components with reduced deformation and 
enhanced resilience. Since concrete tends to spall off at large strain, which inevitably hinders 
complete recovery of deformation of concrete components, the concrete components exhibiting 
positive stiffness till large drift will be referred to as drift-hardening concrete component 
hereafter in this paper. 
 
In contradistinction to steel and other construction materials, seismic performance of reinforced 
concrete structures is influenced by much more factors including cracking and smashing of 
cover concrete, yielding of reinforcing steel, deterioration of the bond strength between steel 
rebar and concrete, buckling and rupture of the longitudinal reinforcement, all of which make 
the seismic evaluation of concrete structures complicated. In order to develop drift-hardening 
concrete components, which can overcome or mitigate the above-mentioned negative factors, 
Professor Sun and his research team have conducted experimental and theoretical works for the 
last decade, obtaining several important results and pointing out several problems remained to 
be fixed. These results and problems will be reviewed briefly in the next sections along with 
the previous works by other researchers.  
 
“When you want to know how things really work, study them when they are coming apart.” 
William Gibson 
 
 
Fig. 1-3 The lateral response curves of conventional ductile and resilient structures. 
Chapter 1 
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1.2 Previous studies on confining effect of transverse reinforcement 
It is well known that drift-hardening concrete components must possess sufficient deformability 
at first. Confinement by transverse steels is an effective method to enhance deformability of 
concrete. Transverse reinforcement such as conventional spirals or hoops and steel plate in 
concrete members enhances deformability of concrete members through three ways; 1) to 
restrain transverse deformation of the axially compressed concrete to directly enhance strength 
and ductility of concrete, 2) to provide lateral support to longitudinal steels and prevent it from 
premature local buckling, and 3) to provide shear resistance to concrete member and hence 
indirectly increase deformability of concrete members.  
The improvement of compressive strength of concrete through transverse confinement was 
initially announced by Considere [1.17] and the pioneer work on the relationship between the 
strength enhancement of confined concrete and the transverse confinement was conducted by 
Richart et al. [1.18]. Since these pioneer works, numerous researchers have proved by 
experiments that confinement by transverse reinforcement can greatly enhance the compressive 
stress-strain characteristics of concrete, and that confinement by spirals are much more effective 
in increasing the ductility and robustness of concrete columns than confinement by rectilinear 
ties [1.18-1.20].  
For predicting seismic behavior of concrete columns reinforced by hoops, it is very important 
to know the stress-strain relationships of confined concrete. Various stress-strain models can 
be found in the literatures [1.21-1.28], but most of them are suitable to a limited range of 
structural conditions. There have been several stress-strain models which can cover wide range 
of structural factors such as concrete strength, strength and amount of transverse reinforcement, 
and configuration of transverse steel. One of these models is proposed in New Zealand by 
Mander et al. [1.23].  
 
Mander model has been widely adopted by structural engineers and in many finite element 
method (FEM) software to evaluate mechanical behavior of reinforced concrete structures. 
However, Mander model tends to overestimate confinement effect particularly for high-strength 
concrete because the model was calibrated with the test results of normal-strength confined 
concrete.  
 
To overcome this shortcoming, in Japan, Sun et al. have developed a comprehensive stress-
strain model for concrete with compressive strength of up to 150MPa and confined by various 
kinds of transverse reinforcement such as circular and rectilinear hoops and/or steel tubes [1.25].  
Chapter 1 
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1.3 Previous studies on self-centering concrete columns 
In addition to the positive stiffness up to large drift, another important feature of drift-hardening 
concrete components is the so-called self-centering. The previous technique developed to make 
self-centering concrete columns and bridge piers is the utilization of de-bonded pre-stressing 
steel. Fig. 1-4 shows experimental results obtained by Priestley et al. [1.29-1.31].  
 
Fig. 1-4 compares the lateral loads versus displacement hysteretic response for a column with 
conventional reinforcement, [1.30] and a pre-stressed column with un-bonded reinforcement 
[1.31]. It can be noted that the pre-stress and the un-bonding of tendon bars give the column a 
stable seismic response and greatly reduced residual displacement. As pointed out by Hewes et 
al., while it has less energy dissipation capacity than the conventional ductile column, but the 
smaller   energy   dissipation   capacity   does   not   result   in   significantly   increased   response 
 
 
  
(a) Ductile column. (b) Column with de-bonded pre-stressing bars
Fig. 1-4 Force-displacement hysteresis response for bridge columns [1.30, 1.31] 
 
displacements [1.31]. The usefulness and effectiveness of the pre-stressed and un-bonded steel 
reinforcement for columns and hybrid systems, where self-centering and energy dissipating 
properties are suitably merged to achieve the target maximum displacement with small residual 
deformations, was investigated and verified by Palermo et al. [1.32]. 
 
Kawashima et al. suggested an alternative method to enhance the ductility capacity and decrease 
the residual deformations of concrete bridge columns, by using PVC tubes to de-bond the main 
reinforcement within the plastic hinge region [1.33]. This method can be effective in increasing 
the ductility of the columns but the correct definition of the un-bonded length of main 
reinforcement needs additional studies [1.34]. 
 
Chapter 1 
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To avoid complexity and problems involved with the pre-stressed and un-bonded reinforcement, 
Sun et al. have proposed to replace the conventional normal-strength rebars with ultra-high 
strength but low bond strength bars (SBPDN 1275/1420) as longitudinal steel for concrete 
columns. The SBPDN bar differs from well-used deformed bar in that it has spiraled groove on 
its surface, resulting in bond-strength of about one-fifth of that of deformed bar [1.35]. 
 
Based on their experimental results, Sun et al. have confirmed that square concrete columns 
with SBPDN reinforcement have much more preferable seismic response and small residual 
deformations after large displacements in comparison with conventional reinforcement [1.36-
1.38]. For circular concrete columns, utilization of SBPDN rebar exhibited much better seismic 
performance, smaller residual deformation and higher secondary stiffness than square columns 
[1.39-1.41]. 
 
Fig. 1-5 shows comparison of load versus drift ratio relationships of two circular concrete 
columns; one was longitudinally reinforced by normal-strength deformed rebars (SD345) and 
the other by SBPDN bars. Both columns had identical conditions including concrete strength, 
steel amount, and the axial load level except the type of longitudinal reinforcement. One can 
clearly see from Fig. 1-5 that utilization of SBPDN rebar in concrete column can significantly 
reduce residual deformation while providing the column with very stable seismic response up 
to large drift. [1.41, 1.42]. 
 
  
(a) SD345 reinforcement (b) SBPDN reinforcement  
Fig. 1-5 Comparison of the measured lateral force versus drift ratio relationships [1.41] 
 
1.4 Studies on steel tube confinement of concrete 
As an alternative to conventional confinement technologies, steel tube confinement has great 
advantages for concrete members [1.43-1.50] in that it can contain all concrete without making 
cover concrete, avoiding the degradation of lateral resistance of concrete columns at large drift 
due to spalling off of the concrete shell. Recently, steel-tube-confined concrete column has 
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gained wide application in building and civil engineering, such as columns in high-rise 
buildings, underground subway platform, highway bridges, and defense works [1.51].  
 
Traditionally, steel-tube confinement has been provided by welding two or more pieces of steel 
plates on site. However, this conventional method involves complex construction process and 
is unable to confirm the casting quality of concrete. To solve this problem inherent in 
conventional steel-tube confinement, Sun et al. have proposed bolted steel tube confinement, 
where two pieces of L-shape or channel or semi-circular steel plates will be connected by bolts 
to form a square or circular steel tube.  
 
Fig. 1-6 displays effectiveness of the bolted steel tube confinement. Both test columns were 
reinforced with SBPDN rebars and had the identical geometry, material properties, steel amount, 
and loading condition except the difference of transverse reinforcement. As one can see from 
Fig. 1-6, though the hoop-confined column exhibited stable cyclic response till large drift, the 
bolted tube-confined column showed much higher secondary stiffness as well as a little lower 
residual deformation [1.52, 1.53].  The experiments conducted by Sun et al. also verified that 
the bolted tube confinement has high efficiency and cost performance, significantly mitigating 
damages in concrete columns  
 
It is interesting to note from Fig. 1-6 that the bolted tube-confinement did not reduce residual 
drift much more than hoop confinement. This result implies that the residual deformation or 
drift in concrete columns is primarily caused by the yielding of longitudinal rebar rather than 
the spalling off of concrete shell.   
 
  
(a) spiral confinement (b) tube confinement 
Fig. 1-6 Effectiveness of the bolted tube confinement [1.52, 1.53] 
 
1.5 Studies on numerical modelling of drift-hardening concrete components 
The successful design and construction of new buildings with new materials and new 
technologies relies on a wide range of advanced analytical methods and techniques, in particular 
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on advanced modelling techniques. In response to the increasingly complex buildings 
demanded by clients and architects, structural engineering community have developed many 
sophisticated modelling software to carry out the structural analysis and design works [1.54].  
 
As shown in Fig. 1-7, corresponding to different analytical objectives, modelling is generally 
divided into three categories: 1) substitute (single-degree-of-freedom SDOF system) models, 
2) stick (multi-degree-of-freedom MDOF system) models 3) detailed models (Finite element 
FE system) [1.55-1.60]. Any modelling must be based on sound understanding of cyclic 
behavior of structural components, and its accuracy and reliability depends upon accuracy of 
cyclic model for the components. 
 
While there have been numerous cyclic models for conventional ductile concrete components 
[1.61-1.64], for the drift-hardening concrete components only one model was proposed for 
circular columns by Cai et al. [1.65].  
 
 
Fig. 1-7 Levels of structural modelling for earthquake response analysis [1.55]. 
 
1.6 Problems and research objectives 
As described before, combination of SBPDN rebar as longitudinal steel of concrete components 
and steel tube confinement has been verified to be an effective and simple way to make drift-
hardening concrete columns. However, from the viewpoint of promoting and amplifying the 
application of drift-hardening concrete components in construction industry, there are still 
several important issues needed to be addressed as follows: 
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1)  Seismic performance of longer circular concrete columns in buildings: The previous studies 
by Sun et al. concentrated on circular concrete columns with shear span ratio of up to 2.5. 
However, the contra-flexural point of the columns at the lower story of high-rise buildings 
tend to shift from the section adjacent to column middle up toward column end, increasing 
their shear span ratios to much longer than 2.5. To make reliable design and better 
understand overall seismic capacity of concrete building made of drift-hardening columns, 
it is necessary to understand the effect of long shear span on the seismic performance of 
drift-hardening columns.   
2)  Seismic performance of longer square concrete columns: While majority of structural 
columns adopted in building and civil structures have square section, information on 
seismic performance of square concrete columns made of SBPDN rebar is scarce.  To 
amplify application of drift-hardening concrete components, it is of great importance to 
investigate seismic behavior of square columns with SBPDN rebar, including both the 
columns with common proportion (2.0 in terms of shear span ratio) and those with shear 
span ratio larger than 2.0 
3)  Improvement of accuracy of cyclic model for circular drift-hardening columns: Cai et al. 
have proposed a complete model to depict hysteresis loop for circular drift-hardening 
concrete columns. Their model, however, does not account for the effect of transverse 
confinement by spirals or steel tube on the bond behavior of SBPDN rebar, hence resulting 
in non-conservative estimation of residual drift. To make accurate and reliable assessment 
of overall seismic behavior of circular drift-hardening concrete columns, improvement of 
the previous cyclic models is desirable. 
 
Objectives of this doctor thesis are, 1) to present sufficient experimental information on seismic 
behavior of circular drift-hardening concrete columns with shear span ratio of up to 4.0, 2) to 
experimentally investigate seismic performance of square drift-hardening concrete columns 
made of SBPDN rebar, 3) to modify the bond-slip model of SBPDN rebar by taking the effect 
of concrete strength and transverse confinement into consideration, and 4) to develop a more 
refined cyclic model to evaluate cyclic properties of circular drift-hardening concrete columns. 
1.7 Format of the thesis 
This dissertation consists of six chapters. Each chapter will deal with one of the objectives 
mentioned before except the first and last chapters. The main content and brief description of 
each chapter are summarized as follows: 
 
The first chapter introduces backgrounds of this study, reviews previous works in the literature, 
and explains about the need of this research by presenting problems remained to be fixed and 
research objectives. 
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Chapter two deals with experimental investigation of seismic behavior of long circular drift-
hardening concrete columns. To achieve this goal, a total of twelve 1/3-scale concrete columns 
with circular cross sections were designed, constructed ant tested under constant axial 
compression and reversed cyclic lateral loads. All columns had 250 mm in diameter and three 
different heights 500mm, 750mm and 1000mm, to give three levels of shear span ratio of 2.0, 
3.0, and 4.0, respectively. Eleven specimens were longitudinally reinforced by ultra-high-
strength SBPDN rebars, and one specimen by ordinary deformed D13 (SD345) rebars. The 
specimen with SD345 rebars was made and tested to verify superiority of SNPDN rebars in 
reducing residual drift to conventional deformed rebars. Experimental variables were the shear 
span ratio, the type of longitudinal reinforcement (SBPDN or SD), the axial load ratio (0.1, 0.33, 
0.5), the thickness of steel plate (1.6mm, 3.2mm), and the transverse confinement type (spiral, 
tube). The column with axial load ratio of 0.10 was intended to see if the SBPDN rebar can be 
utilized to make high performance and resilient bridge piers, which generally sustains much 
lower axial compression than the building columns. Objectives of this experimental work are 
to evaluate the influence of shear span ratio and the type of longitudinal reinforcement on 
overall performance of circular drift-hardening concrete columns.  
 
Chapter three presents experimental information on seismic performance of square drift-
hardening concrete columns. Six 1/3-scale square columns with sectional dimension of 
250x250mm were made and tested under combined reversed cyclic horizontal loading while 
the vertical axial load was maintained constant. Five specimens were longitudinally reinforced 
by twelve SBPDN rebars (12.6mm in nominal diameter) to give a steel ratio of about 2.40%, 
and one specimen was by high-strength D13 deformed rebars (USD685). Experimental 
variables were the shear span ratio (2.5, 3.0, and 4.0) and the type of longitudinal reinforcement 
(SBPDN or USD). All test columns were under high axial compression with axial load ratio of 
0.33.  The objectives of this chapter are to check effectiveness of the use of high-strength 
SBPDN bars in constructing square drift-hardening concrete columns, and to investigate effect 
of bond-strength of the longitudinal rebars on overall seismic behavior of concrete columns 
under high axial load. 
 
The aim of the fourth chapter is to improve accuracy of analytical method to trace cyclic 
behavior of drift-hardening concrete columns by taking the effect of concrete strength and 
transverse confinement on the bond-slip behavior of SBPDN rebars. The analytical simulation 
is based on the Finite Spring Method (FSM), and the test results described in chapter two and 
three are used to check accuracy and reliability of the modified method. 
 
Chapter five is intended to the development of a more refined model to evaluate hysteretic loop 
of circular drift-hardening concrete columns. By utilizing the improved analytical method 
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presented in chapter four, a simplified and refined analytical model for circular drift-hardening 
concrete columns is proposed. Its accuracy will be verified by comparing the theoretical 
predictions by the proposed model with the experimental results in four main aspects of ultimate 
lateral resistance, ultimate drift, corresponding residual drift, and energy dissipation capacity. 
 
A brief summary and conclusions obtained from chapter two through chapter five are provided 
in chapter six along with future works concerning with the application of drift-hardening 
concrete columns both in building and in bridge structures. 
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CHAPTER TWO  
 
2 Cyclic performance of circular drift-hardening concrete 
columns reinforced by SBPDN rebars 
 
 
 
2.1 Introduction 
For concrete frame structures, there are two typical seismic energy dissipation mechanisms: 1) 
The so-called column-sway (weak column and strong beam) mechanism (WCSB), and 2) the 
beam-sway (strong column and weak beam) mechanism (SCWB) as shown in Fig. 2-1. In the 
former mechanism, the columns yield first and structures fail in a local mode, while in the latter 
mechanism, the beams yield first and structures fail in a global mode. For the last half century, 
the SCWB mechanism has been adopted in the buildings located in earthquake-prone regions, 
because the sum of dissipated seismic energy in structures designed to fail in a SCWB manner 
is much larger than that in the structures exhibiting WCSB mechanism.  
 
To fully develop the high energy-absorption capacity of a SCWB structure, the columns at the 
lowest story, which will be referred to as lowest story column (LSC) hereafter, must possess 
sufficient deformation capacity. Besides, the LSC may experience shift of the contra-flexural 
section due to influence of higher vibration mode during a strong ground shaking, which will 
make the LSC longer columns than anticipated. Therefore, when replacing conventional ductile 
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LSC with drift-hardening LSC, it is of great importance to understand seismic capacity of long 
drift-hardening concrete columns as well as the influence of long shear span. 
 
Objectives of this chapter are; 1) to obtain experimental information on cyclic behaviors of the 
circular columns having relatively long shear span and made of SBPDN rebars, 2) to clarify the 
influence of shear span ratio on overall seismic performance of the columns.   
 
 
Fig. 2-1 Typical seismic energy dissipating mechanisms of concrete frames 
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2.2 Experimental program 
2.2.1 Outlines of test specimens 
For achieving research goals of this chapter, a total of twelve 1/3-scale cantilever circular 
concrete columns were designed, constructed and tested under constant axial compression and 
incrementally increasing reversed cyclic lateral load. 
  
All specimens had a circular section with diameter of 250 mm. Longitudinal rebar in each 
specimen consisted of eight SBPDN (U12.6) rebars or SD345 (D13) deformed bars to give a 
steel amount of about 2.0%. Table 2-1 shows outline of the specimens, while Fig. 2-2 shows 
column dimensions. The experimental variables were, 1) shear span of column, 2) axial load 
ratio, 3) steel type of longitudinal rebar, 4) type of transverse confinement, and 5) with or 
without anchorage for SBPDN rebar at the middle height of column. 
 
As shown in Table 2-1 and Fig. 2-2, the shear spans were 500mm, 750mm, and 1000mm to 
give shear ratios of 2.0, 3.0, and 4.0, respectively. The axial load ratio varied from 0.10 to 0.50 
to cover the axial load levels for from the bridge piers to the LSC in high-rise buildings. Of 
twelve specimens, one specimen was reinforced by SD345 deformed rebar to simulate 
conventional ductile concrete column, and the others were all made of SBPDN rebars.  
 
Fig. 2-3 shows reinforcement details of specimens. As one can see from Fig. 2-3, each SBPDN 
rebar was anchored to a 9mm-thick end plate by bolts at both ends. In specimen RS40N33 DC 
and RS40N33 DC-BF, in addition to end anchorage, all SBPDN rebars were also anchored 
through bolts at the middle height of column. This specimen was designed to simulate LSC, 
whose contra-flexural section might shift from near middle height towards upper end of the 
LSC during a strong earthquake.  
 
Three specimens were transversely confined by conventional spirals (SD295, D6) with spacing 
of 30mm which approximately corresponds to the spacing limit of 100mm recommended in the 
AIJ standards [2.1] for conventional concrete columns, and nine columns were partially 
confined by bolted steel thin tubes within the end region of columns with a length of 375mm, 
which equals to one and a half times of column diameter and represents the least confinement 
length for highly ductile concrete columns [2.1]. For the specimens partially confined by bolted 
steel tubes, the portion 375mm away from the bottom end section was confined by circular 
hoop (SD295, D6) with spacing of 90mm. 
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Table 2-1 Outlines of circular test specimens 
Y
ea
r 
Specimen f`c (N/mm2) a/D
n 
 
Longitudinal 
reinforcement 
Transverse 
reinforcement 
Type g (%) Type 
h 
(%) 
20
14
 
RS30N33T 43.2 3 0.33
SBPDN 
(8-U12.6)
2.03 Plate+ hoop 
2.53+ 
0.67 
RS30N45T 43.1 3 0.45 2.03 Plate+ hoop 
2.53+ 
0.67 
RS40N33T 43.3 4 0.33 2.03 Plate+ hoop 
2.53+ 
0.67 
RS40N10T 42.4 4 0.1 2.03 Plate+ hoop 
2.53+ 
0.67 
20
15
 
RS20N33SD 35.1 2 0.33 SD345 (8-D13) 2.07
Spiral 
D6 2.01 
RS20N33U 36.8 2 0.33
SBPDN 
(8-U12.6)
2.03 Spiral D6 2.01 
RS40N33T 37.0 4 0.33 2.03 Plate+ hoop 
2.53+ 
0.67 
RS40N50T 34.9 4 0.5 2.03 Plate+ hoop 
2.53+ 
0.67 
20
16
 
RS40N33U 43.7 4 0.33 2.03 Spiral D6 2.01 
RS40N33T DC-
BF 42.9 4 0.33 2.03
Plate+ 
hoop 
2.53+ 
0.67 
RS40N33T DC 44.0 4 0.33 2.03 Plate+ hoop 
2.53+ 
0.67 
RS30N33T32 44.4 3 0.33 2.03 Plate+ hoop 
4.99+ 
0.67 
Note: fc’ –is concrete cylinder strength; a/D –is shear span ratio; n –is axial load ratio; g –is the steel ratio of 
longitudinal rebar; h –is the volumetric ratio of transverse reinforcement. 
 
Fig. 2-2 Dimensions of test specimens 
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RS20N33SD RS20N33U 
RS30N33T/ RS30N45T/ RS30N33T32 
RS40N33U 
RS40N10/ RS40N33/ RS40N50 RS40N33 DC/ RS40N33 DC-BF 
Fig. 2-3 Reinforcement details of test columns (Unit: mm) 
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Fig. 2-4 shows outline of the bolted steel tubes, which are formed by bolting two pieces of semi-
circular shape plates with wings, where holes for the connecting bolts are drilled. The necessary 
number of the bolts can be determined by ensuring that the total axial yield force provided by 
the bolts is larger than the tensile rupture force of the plate in circumferential direction. 6mm 
clearance was provided between the lower end of the bolted steel tube and the upper face section 
of the loading stub as displayed in Fig. 2-4. This clearance was provided to insure that the steel 
tubes worked as lateral confiner of concrete rather than directly sustain any axial stress induced 
by external axial load and bending at large deformation. 
 
It is noted from Fig. 2-3 that the SBPDN rebars in specimens RS40N33T-DC and RS40N33T-
DC-RF were anchored to a 9mm-thick plate by nuts at the middle section of column. This 
anchorage was provided for these two specimens to simulate the LSC whose contra-flexural 
section might shift from the section adjacent to the middle height during the initial stage of a 
strong earthquake toward the upper end section during strong shocking. The only difference of 
these two specimens lies in the position of connection for the two semi-circular shaped steel 
plates that form the “steel tubes” for confinement. The connection position is along the “web” 
sides for specimen RS40N33T-DC, and is along the “flange” sides for specimen RS40N33T-
DC-BF.    
 
   
Fig. 2-4 Overall view of the “bolted steel tube” 
 
2.2.2 Material properties 
Ready-mixed concrete made of Portland cement and coarse aggregates with maximum particle 
size of 20mm was used to fabricate the specimens. The mix proportions of concrete are shown 
6 
m
m
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in Table 2-2. Concrete strength was evaluated at the stage of loading by testing three standard 
cylinders, and is shown in Table 2-1 for each specimen.  
 
Mechanical properties of the used steels are summarized in Table 2-3. Each value in Table 2-3 
represents the average of three test coupons. According the study by Funato et al. [2.2], the 
SBPDN rebar has spiraled grooves on its surface and a low bond-strength of about 3.0N/mm2, 
which is about one-fifth of that of SD345 rebar as shown in Fig. 2-5. 
 
Fig. 2-6 shows tensile stress-strain curves for the steels used. It can be seen from Fig. 2-6 that 
the SBPDN rebars do not exhibit clear yield plateau and hence the yield strength shown in Table 
2-3 was obtained by the 0.2% offset method.  
 
Table 2-2 Mix proportions for concrete (2014-2016) 
 
Year W/C ratio 
Water 
(W) 
(kg/m3) 
Cement 
(C) 
(kg/m3)
Fine 
aggregate 
(kg/m3) 
Coarse aggregate 
(kg/m3) Additives
2014 0.50 376 188 788 906 3.76 
2015 0. 57 185 325 914 839 3.25 
2016 0.50 180 360 833 906 3.6 
 
Table 2-3 Mechanical properties of the steels (2014-2016) 
Year Name Type fy (N/mm2) 
y 
(%) 
fu 
(N/mm2) 
Es 
(kN/mm2) 
20
14
 U12.6* SBPDN 1275/1420 1377  1463 215 
D6 SD295A 394  522 184 
PL1.6* SS400 273  405 201 
20
15
 U12.6* 
SBPDN 
1275/1420 1357 0.83 1473 215 
D13 SD345 354 0.21 484 188 
D6 SD295A 366 0.20 484 184 
PL1.6* SS400 365 0.20 424 194 
20
16
 U12.6* 
SBPDN 
1275/1420 1371 0.86 1444 208 
D6 SD295A 407 0.21 545 191 
PL1.6* SS400 277 0.34 385 203 
PL3.2* SS400 292 0.36 463 194 
Note: fy – is yield stress; fu – is ultimate stress; Es – is Young’s modulus; y – is yield strain; * – is 0.2% 
offset yield strength. 
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U12.6 (SBPDN1275/1420) 
 
D13 (SD345) 
Fig. 2-5 Surface shapes of bars 
 
 
 
 
Fig. 2-6 Stress-strain curves of steel reinforcement 
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2.2.3 Test setup and loading program  
The experiments were carried out by utilizing a clearly designed test frame at Kobe University. 
The test apparatus shown in Fig. 2-7 was used to apply planned lateral and axial loads. Each 
specimen was fixed on the laboratory sturdy floor by means of four high strength bolts and 
adequately stiff steel girder. The constant axial compression was at first applied through a 
hydraulic jack of 1000kN in capacity, and then a hydraulic jack with capacities of 300kN in 
pulling and pushing was used to apply the cyclical lateral force. The cyclical lateral force was 
controlled by drift ratio R, which is the ratio of lateral tip displacement to the shear span.  
 
Fig. 2-7 Test setup for circular columns (Unit: mm) 
 
Two complete cycles were repeated at each level of lateral displacement with specified drift 
ratio R of 0.25%, 0.5%, 0.75%, 1.0%, 1.5%, and 2.0%, and one cycle was repeated at the 
following larger displacement level after R becomes larger than 2.0% with increment of 0.5%. 
Axial and lateral loadings were controlled by two different loading systems. The loading 
program is illustrated in Fig. 2-8. 
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Fig. 2-8 Loading program for circular columns 
2.2.4 Instrumentation 
Fig. 2-9 shows outline of the instrumentation for lateral and axial displacement. One linear 
variable differential transformer (LVDT) was used to measure the lateral displacement at the 
level of lateral force, four or six displacement transducers (DT) were used to measure the axial 
deformation within different gauge lengths along the column height. One or two more (No. 8 
and/or No. 9) DTs were installed to measure potential slip of the loading stub.  
 
Strain gauges were embedded onto two longitudinal bars, which were located at the extreme 
tensile and compressive sides of each column in order to measure the axial steel strains during 
testing. The steel strains of transverse steels including spirals and hoops were also measured 
with sufficient strain gauges. 
 
In each specimen, on the surface of longitudinal reinforcements were installed six or ten strain 
gauges (dependent on shear span ratio), while strains in spirals and hoops were measured by 
six strain gauges (two on each level) which were situated near possible plastic hinge zone as 
shown schematically in Figure 2.10. All strain gauges were embedded on the neutral axis of 
rebar, trying to minimize the effect of bar bending and buckling. 
 
For each of the nine tube-confined columns, eight strain gauges were mounted on the surface 
of the steel plate to monitor the lateral strain progress in the pull and push directions, while in 
specimens RS40N33T DC and RS40N33T DC-BF sixteen strain gauges were mounted. Fig. 2-
10 shows the position of all strain gauges on the semi-circle steel plate surface; two at 16 mm 
and other four at 191mm and 366mm away from the column-stub interface, respectively. Two 
strain gauges were further mounted near the column-stub interface to measure the axial strains 
of the steel plates to monitor if the steel tubes sustain directly axial stress induced by axial load 
and bending at large deformation. Fig. 2-11 shows overall view of instrumentation and loading 
apparatus along with a specimen before loading. 
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Fig. 2-9 Positions of differential transformers in circular columns (Unit: mm) 
 
For each of the eight tube confined columns, eight strain gauges were mounted on the surface 
of the plate to monitor the strain progress in the pull and push directions, while in specimens 
RS40N33T DC and RS40N33T DC-BF sixteen strain gauges were mounted. Fig. 2-9 shows the 
position of all strain gauges on the semi-circle steel plate surface, two at 16 mm and other four 
at 191mm and 366mm from the column-stub interface respectively and the last two strain 
gauges near the column-stub interface were mounted vertically to measure axial strains in steel 
plates. 
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RS20N33U / RS20N33SD 
RS40N33U 
 
RS40N33T / RS40N50T / RS40N10T 
 
RS40N33T DC / RS40N33T DC-BF 
 
 
RS30N33T / RS30N45T / RS30N33T32 
 
 
Steel tube for RS30/40N10/33/45/50T 
Steel tube for RS30N33T DC (DC-BF) 
Fig. 2-10 Locations of strain gauges of circular columns (Unit: mm) 
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Fig. 2-11 Overall view of a mounted circular specimen 
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2.3 Test results and observation 
2.3.1 Observed behavior of circular columns  
Crack patterns of three specimens confined by spirals are shown in Fig. 2-12 through Fig. 2-14, 
while those of nine specimens partially confined bolted steel tubes are shown in Fig. 2-15 
through Fig. 2-17. The red and blue lines in these figures represent cracks observed in push and 
pull directions, respectively. In addition, spalling off of concrete shell was shown by painting 
the collapsed portion with a solid color.  
 
For the specimens confined by spirals, crack patterns observed at four specific drift levels are 
shown, while only the final crack pattern could be plotted for the specimens confined by steel 
tubes by removing the tubes after testing.  
 
R=0.5x10-2 rad. R=1.0x10-2 rad. 
R=2.0x10-2 rad. R=5.0x10-2 rad. 
Fig. 2-12 Crack patterns of specimen RS20N33SD 
 
For specimen RS20N33SD, the flexural crack was first observed at R=0.0025 rad. near the 
bottom section and on the section 50 mm away from the column base in the pull and push 
direction, respectively. Due to the high bond strength of deformed SD345 rebars, flexure-shear 
cracks were detected at the section 250mm away from the column stub when R reached 0.0075 
rad. The width of main flexural crack increased slightly during consecutive loading, and just 
50
m
m
 
50mm 
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before R reached 0.015 rad. cover concrete started to spall off. The damaged portion at the end 
of testing expanded up to 250 mm end region of the column as shown in Fig. 2-12. 
 
R=0.5x10-2 rad. R=1.0x10-2 rad. 
R=2.0x10-2 rad. R=5.0x10-2 rad. 
Fig. 2-13 Crack patterns of specimen RS20N33U 
 
For the column RS20N33U, first flexure crack was observed at the section about 70 mm away 
from the base in the push direction when drift ratio was 0.0025 rad., while in the pull direction 
the first crack was observed at the section 50 mm away from the base again when drift ratio 
was 0.0025 rad. Flaking of the cover concrete surface was observed at 0.0075 rad. but the cover 
concrete did not spall off until R approached 0.02 rad. From the drift ratio of 0.025 rad. spalling 
off of the cover concrete visibly grown. This specimen, however, still kept its drift ratio 
hardening behavior until 0.05 rad. without deterioration in lateral resistance. All damages of 
specimen RS20N33U concentrated within the end region of about 170mm in length as shown 
in Fig. 2-13. 
 
The first bending cracks were noticed in the spirally confined long column RS40N33U at a drift 
ratio of ± 0.005 rad. as displayed in Fig. 2.14.  Spalling of cover concrete started at the drift 
ratio of ± 0.015 rad. The damages on the compression side of concrete progressed, until drift 
ratio reached 0.025 rad. Though cover concrete was crushed significantly, the lateral load 
carrying capacity of this specimen did not drop sharply till the drift ratio reached R=0.05 rad. 
50
m
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In specimen RS40N33U, the region where the spalling off of concrete shell was expanded up 
to the section about 300 mm away from the column base. The flexural cracks had been observed 
within the end region having about a length of about 500 mm, which is equals to half of shear 
span of this column. 
 
R=0.5x10-2 rad. R=1.0x10-2 rad. 
R=2.0x10-2 rad. R=5.0x10-2 rad. 
Fig. 2-14 Crack patterns of specimen RS40N33U 
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RS30N33T RS30N45T 
 
RS30N33T32 
After removing the steel tube 
Fig. 2-15 Crack patterns of specimens RS30N33T and RS30N45T 
 
Fig. 2-15 shows crack patterns of specimens RS30N33T, RS30N45T and RS30N33T32, which 
had shear span ratio of 3.0 and were confined by thin steel plates (1.6mm thick the first two and 
3.2mm thick for the last one). Only a few cracks and a slight damage were observed though the 
specimens under high axial compression had experienced large drift up to 0.08 rad. In these 
specimens, the flexural cracks were generated within the range of about 375 mm above column 
base in the specimens with 1.6mm-thick steel tube confinement and 280 mm away from the 
column base in specimen with 3.2mm-thick steel tube confinement, respectively. This 
observation means that the thicker the thickness of steel tubes for confinement, the shorter the 
damaged region. While some cracks were also observed in the upper hoop-confined region, 
these cracks were very subtle. 
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Fig. 2-16 and Fig. 2-17 show crack patterns of the specimens with shear ratio of 4.0 and 
confined by steel tube. The cracks again were observed after the testing, by removing the steel 
tubes. The flexural cracks for these columns with shear span ratio 4.0 spread about 500 mm up 
from the column base. From the distribution of flexural crack, one can see that the confinement 
by steel tubes helps to reduce the damage degree. Distribution of flexural cracks implies that 
the length of hinge region of concrete columns is strongly associated with the shear span. 
 
As compared with the ultimate crack pattern of specimen RS40N33T*, cyclical loading of 
which was prematurely terminated at the drift ratio of 0.035 rad. due to the operation mistake 
of the LVTD for the lateral tip displacement, the specimens RS40N33T, RS40N50T, 
RS40N33T-DC and RS40N33T-DC-RF exhibited much severer cracks. This is because the 
cracks were observed after the latter four specimens all had experienced as large a drift ratio as 
0.08 or more.   
   
Comparing crack patterns of specimens RS40N33T-DC and RS40N33T-DC-RF, one can see 
that connection position of the semi-circular steel plates did not cause, if any, difference in the 
damage degree of the columns confined by bolted steel tubes. 
 
RS40N33T* RS40N10T 
After removing the steel tube 
Fig. 2-16 Crack patterns of specimen RS40N33T and RS40N10T 
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RS40N33T RS40N50T 
RS40N33T DC BF RS40N33T DC 
After removing the steel tube 
Fig. 2-17 Crack patterns of specimen RS40N33T, RS40N50T, RS40N33T DC BF and 
RS40N33T DC 
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2.3.2 Lateral load – drift angle hysteretic curves 
The lateral load versus drift ratio responses of all specimens are shown in Fig. 2-18. The solid 
circles in Fig. 2-18 pinpoints the experimental maximum load on the curve, while the dashed 
lines represent the P- effect by the axial compression on the lateral resistance.  
 
As can be seen from Fig. 2-18, the specimens reinforced with SBPDN bars exhibited very stable 
cyclical behaviors up to large deformation with drift ratios varying from 0.035 rad. to 0.06 rad. 
without any apparent deterioration in lateral load-carrying capacity.  
 
Fig. 2-18 Measured lateral force-drift ratio relationships of all specimens  
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Fig. 2-18 Continued 
 
On the other hand, the specimen RS20N33SD reinforced by normal-strength SD345 bars 
exhibited typical ductile behavior up to R=0.06 rad. This column reached its maximum load-
carrying capacity at R=0.01 rad. where concrete cover commenced spalling off. From that drift 
ratio, onwards, the lateral resistance of the specimen began to degrade nearly in accordance 
with the P- effect, but still kept about 80% of its maximum lateral resistance at R=0.05 rad., 
which implies high seismic capacity of this specimen from the conventional viewpoint of 
seismic design with life safety as ultimate goal. However, negative tangent stiffness at large 
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drift ratio means instability and irreversibility of damage, causing extremely large drift ratio 
and leave too large residual deformation to be repaired after earthquakes. 
 
For better understanding the effect of experimental variables such as the type of longitudinal 
rebar, shear span ratio, axial load ratio, type of confinement and thickness of steel plate on 
overall seismic behavior, the average envelope curves in pull and push direction of hysteretic 
loops are compared in Fig. 2-19 through Fig. 2-22. 
 
Fig. 2-19 shows the effect of the type of longitudinal reinforcement on overall seismic 
performance of circular concrete columns with shear span ratio of 2.0. As can be seen from Fig. 
2-19, both specimens exhibited identical behavior until R reached 0.01 rad. despite the 
difference in steel type. From that drift on, however, the lateral resistance of the specimen with 
SD345 bars started to decrease along with drift due to the commencement of yielding of 
longitudinal bars. On the other hand, the lateral resistance of the specimen with SBPDN bars 
kept increasing until R reached 0.06 rad. without yielding of the SBPDN bars being measured. 
Comparison shown in Fig. 2-19 implies the necessity of keeping longitudinal rebars in the 
elastic range if drift hardening concrete columns are desired. 
 
 
Fig. 2-19 Effect of type of longitudinal reinforcement 
 
It is well known that the lateral resistance of concrete columns at large drift is greatly influence 
by two main factors, the axial load level and spalling off of concrete shell. The influence of 
axial load level is generally associated with the shear span ratio. The longer the shear span, the 
more significant the influence of axial load level.  
 
To see if it is feasible to make long drift-hardening concrete columns by the utilization of 
SBPDN rebars, Fig. 2-20 emphasizes the effect of axial load ratio on overall seismic capacity 
of circular concrete columns with shear span ratio larger than 3.0. For the columns with shear 
span ratio of 3.0, partial confinement by thin steel tubes can provide the columns with stably 
increasing lateral resistance until R=0.05 rad. even the column is under such a high axial load 
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level with axial load ratio of 0.45. For the columns with shear span ratio of 4.0, combination of 
partial confinement by bolted thin steel tube and SBPDN rebars can accommodate the column 
with axial load ratio of 0.33 drift hardening behavior up to R=0.05 rad.  
 
Considering that the axial load ratio of 0.33 represents the upper limit of axial load level 
recommended for conventional ductile concrete columns in AIJ standard, comparisons shown 
in Fig. 2-20 indicate that it is possible and feasible to make long drift hardening circular concrete 
column simply by confining the columns reinforced by SBPDN rebars. 
 
 
a/D=3 
 
a/D=4 
Fig. 2-20 Effect of axial load ratio 
 
Fig. 2-21 shows the influence of confinement method. While spiral confinement can provide 
drift hardening behavior up to R=0.05 rad. to the column under high axial load with an axial 
load ratio of 0.33, spalling off of concrete shell might cause some degradation in lateral 
resistance at the drift level of 0.01 rad. to 0.015 rad. On the other hand, steel tube confinement 
provides more secure and stable increase in lateral resistance along with drift, and can be 
considered as a more favorite confinement method suitable for securely making drift hardening 
concrete columns. 
 
 
Fig. 2-21 Effect of confinement method (Spiral versus Tube) 
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Fig. 2-22 shows effect of connection position and wall thickness of the bolted steel tubes on the 
seismic behavior of steel tube-confined columns.  
 
 
DC vs DC-BF 
 
Tube 1.6mm vs Tube 3.2mm 
Fig. 2-22 Effect of steel plate position and thickness 
 
Two observations can be made from Fig. 2-22. One is that connection position of the bolted 
steel tubes has little, in any, influence on the drift hardening feature of concrete columns made 
of SBPDN rebars. The other is that the thicker the steel plate used, the larger the lateral 
resistance. It should be noted also that the larger lateral resistance due to thicker steel plates 
cannot be expected until the drift ratio exceeds 0.01 rad.  
 
Table 2-4 summarizes the measured lateral forces at specified drift levels to help readers to 
better see changes of lateral resistance of each specimen.  
 
Table 2-4 Average lateral forces measured at each peak drift angles circular columns 
Specimen 
R (rad.) 
0.25 
x10-2 
0.5 
x10-2 
0.75 
x10-2 
1 .0 
x10-2
1.5 
x10-2
2 .0 
x10-2
2.5 
x10-2
3.0 
x10-2
3.5 
x10-2
4.0 
x10-2 
5.0 
x10-2 
6.0 
x10-2
 Vexp (kN) 
RS20N33SD 83 112 123 124 117 114 111 109 106 104 100 95 
RS20N33U 75 110 123 128 134 133 135 141 143 148 159 163
RS30N33T 59 81 89 97 96 107 113 114 123 126 134 136
RS30N45T 55 82 95 101 112 117 120 124 126 127 131 130
RS30N30T32 57 82 97 105 116 121 124 129 130 132 139 142
RS40N33U 36 55 64 70 75 74 70 68 67 66 69 63 
RS40N10T 20 30 36 41 52 57 62 68 74 78 86 93 
RS40N33T* 31 47 56 60 69 73 76 80 82    
RS40N33T 34 50 59 65 75 80 83 85 85 84 87 88 
RS40N50T 35 54 64 69 79 83 85 86 86 84 84 80 
RS40N33T DC 38 56 65 71 81 85 88 92 94 96 100 99 
RS40N33T BF 38 56 66 72 80 83 86 89 91 94 99 100
Note: the underlined are the maximum lateral forces 
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2.3.3 Strains of reinforcement and steel plates 
To find the reason for the drift hardening behavior of the columns reinforced by SBPDN rebars, 
the steel strains of SBPDN rebars measured are shown in Fig. 2-23. Fig. 2-23 plots the strains 
of the longitudinal rebars measured at the section 25mm away from the column base in both 
extreme sides of the section. The terms “East” (blue dashed line) and “West” (red solid line) in 
Fig. 2-23 represent the strains measured at the initially tensile and compressive sides of column 
section, respectively, while the black dotted horizontal lines represent the yield strain of the 
rebars.  
 
From Fig. 2-23, one can see that the steel strains of SBPDN rebars did not yield even at R=0.05 
rad., but those of SD345 rebars reached their yield strain at the drift ratio of 0.01 rad. The steady 
increase in the strain of SBPDN bars along with drift accounted for the increase in steel stress 
and then the lateral resistance provided by longitudinal bars. It was this increment in steel strain 
of SBPDN bars that covered the loss in lateral resistance caused by the P- effect and the 
inherent degrading property of concrete, enabling the overall lateral resistance of the column to 
increase along with the drift. 
 
  
 
 
Fig. 2-23 Measured strains of longitudinal bars 
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Fig. 2-23 continued 
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Fig. 2-24 illustrates the strain profiles of longitudinal rebars along the column height at several 
controlling drift levels. In this figure, the tensile strains of the west side are taken as positive 
and that of the east side as negative, while the black dotted lines express the yield strain. 
 
 
 
Fig. 2-24 Strains distribution of main reinforcement 
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It is noteworthy from Fig. 2-24 that the yielding of SD345 deformed rebars concentrated within 
the end region of column but the strain measure in SBPDN rebars exhibited a nearly uniform 
distribution along column height in spite of the shear span and axial load ratio. 
 
This observation means that the lower bond strength of SBPDN rebars distributes the strain 
along the entire length of rebars, avoiding concentration of the steel strain within limited plastic 
hinge region, mitigating damage degree, and enhancing resilience of concrete columns. 
 
The hoop strains measured on the spirals or hoops of the columns are shown in Fig. 2-25.  
 
 
  
 
 
Fig. 2-25 Measured strains in lateral bars 
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Fig. 2-26 Examples of measured strains in steel plates 
 
From Fig. 2-25 one can see that the spirals or hoops located at section 25mm away from column 
base reached yielding at drift ratio of about 0.01 rad. in all specimens. 
 
Fig. 2.26 shows representative circumferential and vertical strains measured on the surface of 
steel tubes. In Fig. 2-26, the terms “TE1”, “TW1”, “TE3”, and “TW3” represent circumferential 
strains measured at the lower and upper ends of steel tubes (see Fig. 2-10), respectively, while 
“TE1v” and “TW1v” mean axial strains measured by strain gauges attached at the same location 
as those for measuring “TE1” and “TW1” strains, respectively. The horizontal dotted lines 
represent the yielding strains of the steel plates forming the steel tubes. 
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It can be seen from Fig. 2-26 that the thinner the steel tube, the larger the lateral strain. The 
1.6mm-thick steel tube in specimens RS30N33T reached its yielding strain at much smaller 
drift ratio than the 3.2mm-thick steel tube in specimen RS30N33T32. On the other hand, the 
vertical strains were very small, which implies that the steel tubes did work as lateral confiner.   
 
Fig. 2.27 further shows horizontal strains of steel tubes in specimens RS40N33T DC and 
RS40N33T DC-BF on four specific positions near the lower end of the tubes. Obviously from 
Fig. 2-27, the lateral strains measured near to the connection position shows larger fluctuation 
than those measured away from the connection position, but the lateral strains measured on the 
extreme tensile and compressive sides indicate that the bolted steel tubes reached the yielding 
strain and worked effectively as lateral confiner. 
 
 
 
Fig. 2-27 Effect of connection position on the strains on the surface of steel tubes 
2.3.4 Axial deformation 
Fig. 2-28 shows the axial deformation versus drift ratio relationships. The axial deformation is 
expressed in three different lengths; e.g., 1.0 represents the average axial deformation within 
1.0D (D = section diameter) end region, while 1.6 and 2.0 means average axial deformation 
within 1.6D and 2.0D end region, respectively. One can be seen from Fig. 2-28 that all 
specimens exhibiting stable ductile or drift hardening behavior, the axial strains tended to 
increase in elongation along with drift ratio, and that the maximum axial compressive strains 
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were observed at zero drift ratio and did not exceed the strain corresponding to the peak strain 
of confined concrete. The peak strain of concrete confined by spirals or steel tubes will be 
described in detail in chapter four.  
During the test, the vertical displacement transducers situated in the west (web) side reached 
the top limit (at large drift) and couldn’t measure the vertical displacements further while the 
displacement transducers on the opposite side still worked. Therefore, the measured results at 
large drift in push direction represented a wrong average. 
 
 
 
 
Fig. 2-28 Measured axial deformation 
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2.3.5 Residual deformation 
Fig. 2-29 shows the measured residual drift ratios of all specimens. No difference was observed 
in the measured residual deformation among specimens with SBPDN and SD345 rebars until 
R reached 0.01 rad. After that drift on, the residual drift ratios of specimens with SBPDN rebars 
became much smaller than that of specimen with SD345 rebars. The sharp increase of residual 
drift ratio observed in specimen with SD345 rebars can be attributed to the yielding of the rebars 
at R=0.01 rad.   
 
 
 
 
Fig. 2-29 Measured residual drift ratios 
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The specimens under with higher axial load also showed a larger residual drift ratio. The 
residual drift of specimen RS40N33T corresponding to the drift of 0.05 rad. was as low as 0.008 
rad. as compared with the residual drift of 0.0115 rad. of specimen RS40N33U though the axial 
load level of the two specimens were the same. This observation implies that partial 
confinement by steel plates can ensure higher drift hardening behavior until large drift to 
circular concrete columns under high axial load because it can prevent spalling off of concrete 
shell.  
 
An important observation can be obtained from Fig. 2-29 concerning with the residual drift. 
For the specimens made of SBPDN rebars, the residual drift after being loaded at drift level of 
0.02 rad., which represents the ultimate drift for ductile columns, has been controlled below 
0.005 rad. in spite of the high axial load level with axial load ratio of 0.5 and long shear span 
ratio of 4.0. According to FEMA P-58-1 [2.3], the residual drift angle of 0.005 rad. represents 
the maximum residual drift angle with a zero non-reparability for building structures. In other 
words, the utilization of SBPDN rebars assures that concrete columns can be simply repaired 
after being hit by design strong earthquake.    
 
It is interesting to note that specimens RS40N33T-DC and RS40N33T-DC-BF exhibited a little 
smaller residual deformation in the drift ratio range of 0.03 to 0.05 rad., which can be attributed 
to the effect of anchorage provided at the middle of column height. Existence of anchorage at 
the middle section of column mitigates slippage of SBDN rebars, reducing residual drift. 
2.3.6 Damping (Energy dissipation capacity) 
Fig. 2-30 shows the equivalent viscous damping coefficient versus drift angle relationships for 
all specimens. Definition of equivalent viscous damping coefficient can be found elsewhere 
[2.4] and won’t be given here. The results are presented in two pictures, which include 
specimens with shear span ratio of 2.0 and 3.0 and those with shear span of 4.0, respectively. 
 
It is interesting to note that all specimens with SBPDN reinforcements exhibited stable energy 
dissipation capacity and had a nearly constant equivalent viscous damping coefficients until R 
reached 0.04 rad. This fact implies that the drift hardening concrete columns behaved in a non-
linear elastic manner until R=0.04 rad. Specimens under higher axial load ratio showed a little 
higher equivalent viscous damping coefficient, and the difference due to axial load level was 
not significant until R reached 0.02 rad.  
 
On the other hand, the equivalent viscous damping coefficient of specimen RS20N33SD 
exhibited a sharp increase along with drift angle from drift angle of 0.01 rad. on. The SD345 
deformed rebars commenced yielding at R=0.01 rad., causing unrecoverable deformation.  
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Fig. 2-30 Measured equivalent viscous damping coefficients 
 
The equivalent viscous damping coefficient has been accepted as an index to measure the 
seismic energy absorption capacity of concrete components. The low and constant equivalent 
viscous damping coefficients shown in Fig. 2-30 for drift hardening circular columns do not 
mean as low an energy absorption capacity as expressed by the coefficients. Fig. 2-31 compares 
the accumulated energies dissipated by specimens RS20N33SD with SD345 rebars and 
specimen RS20N33U with SBPDN rebars. As obvious from Fig. 2-31, until drift angle of 0.02 
rad., specimen RS20N33U absorbed almost the same energy as specimen RS20N33SD, while 
the equivalent viscous damping coefficient of specimen RS20N33U is only about half of that 
of specimen RS20N33SD. From drift angle of 0.02 rad. on, drift hardening specimen 
RC20N33U still absorbed over half of that absorbed by ductile specimen RS20N33SD though 
its equivalent viscous damping coefficient was only one-third and/or one-fourth of the latter. 
This observation implies the fallacy of using equivalent viscous damping coefficient as the 
index to measure seismic energy absorption capacity, and the accumulated energy shall be 
adopted instead.   
 
 
Fig. 2-31 Comparison of energy absorption capacity of ductile  
and drift hardening concrete columns 
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2.4 Conclusions 
In order to verify if the combination of ultra-high strength but low bond strength SBPDN rebars 
and partial confinement by bolted steel tubes can make long drift hardening concrete columns, 
a total of twelve circular concrete columns were fabricated and tested under cyclic reversed 
lateral load and constant axial compression. Besides the type of longitudinal rebars, the other 
main experimental variables included the shear span ratio (2.0, 3.0, and 4.0), the axial load ratio 
(0.10, 0.33. 0.45, 0.50), the confinement method (spiral and bolted steel tube confinement), and 
the utilization of anchorage for SBPDN rebars at the middle of column height. From the 
experimental results and discussion described in this chapter, the following conclusions can be 
drawn:   
 
1) Combination of the partial confinement by the bolted steel plates (tube) and the ultra-
high strength SBPDN rebars with low bond strength can ensure high and stable lateral 
load resistance to circular concrete columns with shear span ratio as large as 4.0.  
 
2) For circular concrete columns with shear span ratio of 3.0, the utilization of SBDPN 
rebars and steel tube confinement can provide the column under high axial load ratio 
of 0.45 with a resilient drift angle of 0.05 rad., until which drift hardening behavior 
can be expected.   
 
3) For circular concrete columns with shear span ratio of 4.0, the utilization of SBDPN 
rebars and steel tube confinement can provide the column under high axial load ratio 
of 0.33 with a resilient drift angle of 0.05 rad. Even for the columns under higher axial 
load ratio of 0.50, the thin steel tubes still assure a resilient drift angle of 0.035 rad.  
 
4) The residual drift angle of circular concrete columns, long and common, can be 
controlled to very low when the columns are hit by a design strong earthquake. The 
residual drift angle corresponding to the loading amplitude of 0.02 rad., was kept under 
0.002 rad. through 0.0025 rad., which are much less than the maximum residual drift 
angle of 0.005 rad. for ductile concrete components with zero non-reparability. 
 
5) Considering the thin thickness, which is about 158 in terms of diameter-to-thickness 
ratio, of the bolted steel tubes, it can be said that the combination of bolted steel tube 
confinement and SBPDN rebars has a good cost performance and hence is feasible in 
practice.  
[1.2]  
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CHAPTER THREE  
3 Cyclic performance of square drift-hardening concrete 
columns reinforced by SBPDN rebars 
 
 
 
 
 
3.1 Introduction 
Majority of concrete columns in buildings and infra-structures in the world are tied columns as 
those shown in Fig. 3-1. The columns are ordinarily square or rectangular, but they can be 
octagonal, L-shaped, or any other necessary shape [3.1]. The square and rectangular columns 
widespread due to the simplicity of constructing the forms. 
 
In order to promote and amplify application of drift hardening concrete columns, it is of great 
importance to verify if the utilization of SBPDN reinforcement as longitudinal rebars can 
provide square concrete columns with sufficient resilience, or drift hardening capacity as 
observed in circular concrete columns.  
 
Based on the same backgrounds as described in chapter two and the necessity described above, 
this chapter will be devoted to deal with the following issues with the aim of developing square 
drift hardening concrete columns:  
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1) To obtain experimental information on the seismic performance of square concrete 
columns with SBPDN rebars. 
 
2)  To clarify the influence of shear span on the seismic behavior of square drift hardening 
columns.  
[1.3]  
3) To investigate the influence of bond strength of ultra-high strength rebars on the drift 
hardening behavior. 
 
  
Fig. 3-1 View of the 1979 Imperial Valley earthquake damage in the first story columns 
[3.2] 
 
As described in chapter two, to make drift hardening concrete columns, it is fundamentally 
important for the longitudinal rebars to be maintained within elastic range at as large a drift 
angle as possible.   This finding means that utilization of ultra-high strength reinforcement with 
high bond strength may also provide sufficient drift hardening behavior to concrete columns 
because of its long elastic range. The third issue listed above is intended to verify to what extent 
the bond strength of ultra-high strength reinforcement will affect the seismic resilience of 
concrete columns.   
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3.2 Experimental program 
3.2.1 Outlines of test specimens 
To achieve the research goal, six 1/3-scale square cantilever columns reinforced with SBPDN 
rebars and/or USD685 high strength rebars were fabricated and tested under constant axial 
compression and cyclical lateral loading. Fig. 3-2 shows dimensions of specimens, while Table 
3-1 lists outlines of them. All specimens had a square section of 250x250mm and were 
transversely confined with D6 deformed bars. The height of columns were 625mm, 750mm and 
1000mm to give shear span ratios of 2.5, 3.0, and 4.0, respectively. 
 
 
Fig. 3-2 Dimensions of square test specimens 
 
Table 3-1 Outlines of square test specimens 
 Specimen f`c (N/mm2) a/D n 
Longitudinal 
reinforcement 
Transverse 
reinforcement 
Type g (%) Type 
h 
(%) 
20
11
 
HHC-N33U 42.1 2.5 0.33 SBPDN (12-U12.6) 2.05
Hoop 
D6 1.99 
HHC-N33 USD 42.1 2.5 0.33 USD (12-D13) 2.05
Hoop 
D6 1.99 
FC244S30-U 29 3 0.33
SBPDN 
(12-U12.6) 2.05
Hoop 
D6 1.99 
FC455N30U 71.2 3 0.3 Hoop D6 1.99 
20
16
 SS30N33U 45.8 3 0.33 Hoop D6 1.99 
SS40N33U 43.1 4 0.33 Hoop D6 1.99 
 
Note: fc’ –is concrete cylinder strength; a/D – is shear span ratio; n – is axial load ratio; g – is the steel ratio 
of longitudinal rebar; h – is the volumetric ratio of transverse reinforcement. 
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The experimental variables were shear span ratio, concrete strength, and bond–strength of high 
strength rebars. Of six specimens, five were reinforced with twelve SBPDN rebars (U12.6), and 
the other was with twelve USD685 rebars (D13) to investigate influence of bond strength of 
high strength rebars on the seismic behavior. According to Funato et al. [3.3], the bond strength 
of SBPDN rebar (3.0 MPa) is about one-fifth of USD rebar (15.0 MPa) when the rebars are 
surrounded by concrete with compressive strength of 42 MPa. Fig. 3-3 displays samples of the 
used SBPDN and USD rebars. Twelve SBPDN and USD rebars gave a steel ratio of about 
2.05% for each specimen as shown in Table 3-1 
 
As shown in Fig. 3-3, both ends of SBPDN rebars had screw threads for them to be anchored 
to 9mm-thick steel plates by nuts and bolts as shown in Fig. 3-4. For specimen FC455N30U 
made of the highest strength concrete adopted in this experiment, the end plates for anchorage 
had a thickness of 30mm. The thick end plated was used not only to anchor SBPDN rebars but 
also to provide sufficient support to a pre-stressing bar, which was used to provide extra axial 
compression to specimen FC455N30U and to keep its axial load ratio close to that for the other 
specimens. On the other hand, both end of USD bars were anchored by capping end nuts (see 
Fig. 3-4). 
 
There were three levels of concrete strength as shown in Table 3-1; 30MPa, 40MPa, and 70MPa. 
The axial load ratio was 0.33, which corresponds to the upper limit for ductile concrete columns 
recommended in AIJ standards [3.5]. For specimen made of concrete with compressive strength 
of over 70 MPa, the axial load ratio was only 0.30 due to the capacity limit of the laboratory.  
 
All specimens were designed to fail in flexure. Deformed rebar D6 (SD295) was used to confine 
concrete with spacing of 30mm in the form of single hoop to give a volumetric ratio of 1.99%. 
The reinforcement details for all specimens are illustrated in Fig. 3-4. 
 
3.2.2 Material properties 
Ready-mixed concrete made of ordinary Portland cement and coarse aggregates with maximum 
particle size of 20mm was utilized to construct the specimens. The mix proportions of materials 
for preparing concrete are shown in Table 3-2. The actual concrete strengths at the stage of 
testing are shown in Table 3-1 and represent average of three standard cylinders tested the day 
before testing. 
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UHS (SBPDN1275/1420) 
 
HS (USD685) 
Fig. 3-3 Surface shapes of UHS and HS bars 
 
HHC-N33-USD HHC-N33-U 
 
FS244S30-U 
 
FS455N30-U 
 
 
SS30N33U SS40N33U 
Fig. 3-4 Reinforcement details of square columns (Unit: mm) 
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Table 3-2 Mix proportions of concrete 
 
Year 
W/C 
ratio 
Water 
(kg/m3) 
Cement
(kg/m3) 
Fly Ash
(kg/m3)
Fine 
aggregate 
(kg/m3) 
Coarse aggregate 
(kg/m3) 
Additives
2011 0.50 188 376  806 898 3.76 
2011 0.65 185 285 455 459 833 5.85 
2011 0.65 185 285 244 603 924 5.29 
2016 0.50 180 360  833 906 3.6 
 
Table 3-3 Mechanical properties of the steels (2011, 2016) 
Year Name Type 
fy 
(N/mm2) 
y 
(%) 
fu 
(N/mm2) 
Es 
(kN/mm2) 
20
11
 U12.6* 
SBPDN 
1275/1420 
1447 0.88 1512 213 
USD13* USD685 968 0.73 1037 183 
D6 SD295A 311 0.36 508 185 
20
16
 U12.6* SBPDN 
1275/1420 
1371 0.86 1444 208 
D6 () SD295A 425 0.21 528 196 
Note: fy – is yield stress; fu – is ultimate stress; Es – is Young’s modulus; y – is yield strain; * – is 0.2% 
offset yield strength. 
 
The mechanical properties of the steels used to fabricate test columns are presented in Table 3-
3, which shows average results of at least three tension tests for each steel. 
3.2.3 Test setup and loading program 
The tests were conducted using test apparatus shown in Fig. 3-5. The loading apparatus was 
designed to subject the column to reversed cyclic lateral load and constant axial compression. 
Vertical hydraulic jack with capacity of 1000kN was used to apply targeted constant axial 
compression, and the reversed cyclic lateral load was applied using a horizontal hydraulic jack 
with capacity of 300kN in pull and 500kN in compression.  
 
For the specimen made of high strength concrete (FC70), due to the capacity limit of the 
1000kN axial jack, a pre-stressing bar was installed through the center core of column section 
(see Fig. 3-4) to provide extra axial compression so that the axial load ratio of this specimen 
could be close to 0.30.  
 
The lateral loading was controlled by drift angle (R) of column, which is defined as the ratio of 
the lateral displacement at the loading point of lateral force () to the shear span (a) of each 
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column when constant axial load attained the targeted level. Two complete cycle were applied 
at each level of lateral displacement till drift angle reached 0.02 rad., and one cycle was applied 
at each level displacement after drift ratio became larger than 0.02 rad. Fig. 3-6 displays the 
planned loading program. 
 
Fig. 3-5 Test setup for square columns (Unit: mm) 
 
 
Fig. 3-6 Loading program for square columns 
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3.2.4 Instrumentation 
Many strain gages were embedded onto the longitudinal and transverse steels to measure the 
history of steels as shown in Fig. 3-7.  
 
  
HHC-N33-U 
 
HHC-N33-USD 
 
FS455N30-U 
 
FS244S30-U 
 
 
SS30N33U  SS40N33U 
Fig. 3-7 Locations of strain gauges of square columns (Unit: mm) 
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One displacement transducer (DT) was adopted to measure the tip lateral displacement and four 
DTs were installed to measure the axial deformation within a specific gauge length (1.5 D, D 
is the overall depth of column section) as shown in Fig. 3-8. Four more DTs were installed to 
measure horizontal and vertical possible displacements of the loading stub. 
 
Fig. 3-9 presents the overall view of the square column during test. 
 
 
HHC-N33-U / HHC-N33-USD 
 
FS455N30-U / FS244S30-U 
 
SS30N33U 
 
SS40N33U 
Fig. 3-8 Positions of differential transformers in square columns (Unit: mm) 
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Fig. 3-9 Overall view of a square column during test 
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3.3 Test results and observation 
3.3.1 Observed behavior of square columns 
Fig. 3-10 shows crack patterns measured at four specific drift angles for the specimens made of 
SBPDN rebars, while those for the specimen with USD685 rebars is displayed in Fig. 3-11. For 
the five columns, which were reinforced with SBPDN rebars, no serious damage was observed 
until drift angle reached 0.015 rad., where the cover concrete began to spall off. With the 
increase of drift angle, spalling off of cover concrete became more serious. The bond-slipping 
cracks were not observed during the testing in these specimens.  
 
As obvious from Fig. 3-10 the longer the column, the longer the region where flexural cracks 
and spalling off of cover concrete were observed. The length of damaged portions for the 
specimens with shear span ratio of 3.0 varied between 250mm-275mm region, while that for 
the specimen with shear span ratio of 4.0 was 375mm-400mm.  
 
 
R=0.5x10-2 rad. 
 
R=1.0x10-2 rad. 
 
R=2.0x10-2 rad. 
 
R=4.0x10-2 rad. 
HHC-N33-U 
 
R=0.5x10-2 rad. 
 
R=1.0x10-2 rad. 
 
R=2.0x10-2 rad. 
 
R=4.0x10-2 rad. 
FS455N30-U 
Fig. 3-10 Crack patterns of square columns reinforced with SBPDN bars 
50
m
m
 
50mm 
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R=0.5x10-2 rad. 
 
R=1.0x10-2 rad. 
 
R=2.0x10-2 rad. 
 
R=3.0x10-2 rad. 
FS244S30-U 
 
R=0.5x10-2 rad. 
 
R=1.0x10-2 rad. 
 
R=2.0x10-2 rad. 
 
R=4.0x10-2 rad. 
SS30N33U  
 
R=0.5x10-2 rad. 
 
R=1.0x10-2 rad. 
 
R=2.0x10-2 rad. 
 
R=4.0x10-2 rad. 
SS40N33U  
Fig. 3-10 Continued 
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R=0.5x10-2 rad. 
 
R=1.0x10-2 rad. 
 
R=2.0x10-2 rad. 
 
R=4.0x10-2 rad. 
HHC-N33-USD 
Fig. 3-11 Crack patterns of square specimens reinforced with USD bars 
 
As can be seen from Fig. 3-11, in specimen HHC-N33-USD with USD685 rebars, the damaged 
area was wider than that observed the columns with SBPDN rebars by comparing the specimens 
HHC-N33-U and HHC-N33-USD at several important drift angles. The column surface of the 
latter became more crashed with wider distribution of flexural and shear cracks than of the 
former. This observation implies that higher bond strength of longitudinal rebar might cause 
larger stress to the surrounding concrete, and hence resulting in wider damaged region. 
 
3.3.2 Lateral load – drift ratio hysteretic curves 
The measured lateral force-drift angle relationships of all specimens are shown in Fig. 3-12. 
The red solid circles and dashed black lines shown in Fig. 3-12 represent the peak loading points 
and the so-called P- mechanism lines respectively. 
 
For specimens with shear span ratio of 2.5, utilization of SBPDN rebars provided square column 
under axial load ratio of 0.33 with drift hardening behavior until R=0.04 rad. or over. On the 
other hand, the specimen HHC-N33-USD made of USD685 deformed rebars did exhibit about 
10% higher lateral resistance until drift angle of 0.02 rad., but reached its peak at much smaller 
drift angle than the specimen with SBPDN rebars. Specimen HHC-N33-USD reached its peak 
capacity at drift angle of about 0.02 rad., and failed in shear at the drift angle of 0.03 rad. The 
high bond strength of USD 685 increased the initial lateral resistance, but accelerated the 
conversion of failure mode. This comparison further implies that the use of high strength 
deformed rebar must be combined with the use of sufficient transverse steel to avoid the 
conversion of failure mode from flexure to brittle shear. 
50
m
m
50mm 
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Fig. 3-12 Measured lateral force-drift ratio relationships of square columns 
 
By comparing the results of specimens with shear span ratio of 3.0, one can see that the higher 
the concrete strength, the larger the drift angle at the peak lateral resistance. However, as 
compared with circular columns described in chapter two, the square columns exhibited weaker 
drift hardening behavior, which means the smaller tangent stiffness at large drift level. This can 
be attributed to that the negative influence of spalling off of cover concrete in square columns 
is more significant than in circular columns. In the case of specimens tested in this study, the 
area of cover concrete are 12% and 6.8% of the cross sectional area of square and circular 
columns, respectively. 
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The utilization of SBPDN rebars could not provide square columns with shear span ratio of 4.0 
with peak drift angle over 0.02 rad. The increasing lateral resistance by SBPDN rebars couldn’t 
compensate the loss of lateral resistance caused by the spalling off of cover concrete and the P-
 effect. However, as one can see from Fig. 3-12, the degradation of lateral resistance at larger 
drift level was much smaller than that induced by the P- effect. This fact means that if the 
column were confined by steel tube instead of hoop, it could exhibit drift hardening behavior 
until larger drift level since the steel tube confinement can completely prevent spalling off of 
cover concrete.  
 
Fig. 3-13 shows comparison of end moment versus drift angle relationships of four specimens 
which had same concrete strength but different shear span ratio. It is noteworthy that these four 
specimens exhibited similar moment-drift behavior in spite of the difference of shear span, 
because these specimens have the same steel amount and concrete strength. The moment-drift 
curve of specimens HHC-N33-USD terminated at drift angle of 0.03 rad. at which the specimen 
failed in shear due to the degradation of initial shear strength along with the drift level [3.4].  
 
Effect of concrete strength is shown in Fig. 3-14. It is obvious that the higher the concrete 
strength, the larger the lateral resistance, but the smaller the peak drift angle. 
 
 
Fig. 3-13 Comparison of bending moment-drift ratio relationships of square columns 
  
Fig. 3-14 Effect of type of the cylindrical concrete strength  in square columns 
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The average of maximum lateral forces measured in pull and push directions at each peak drift 
ratio are presented in Table 3-4, which can help readers to better trace the history of lateral 
resistance of square columns along with drift level. 
 
Table 3-4 Average lateral forces measured at each peak drift angles square columns 
Specimen R (rad.) 
0.25 
x10-2 
0.5 
x10-2 
0.75 
x10-2
1 .0 
x10-2
1.5 
x10-2
2 .0 
x10-2
2.5 
x10-2
3.0 
x10-2
3.5 
x10-2 
4.0 
x10-2 
5.0 
x10-2
 Vexp (kN) 
HHC-N33-USD 106 148 169 183 223 225 238 224    
HHC-N33-U 102 142 167 178 182 201 209 216 224 226  
FS244S30-U 67 99 119 129 145 151 158 167 175 183  
FS455N30-U 109 172 204 221 224 229 228 230 225 170  
SS30N33U 92 138 162 172 180 179 177 180 182 181 169
SS40N33U 65 98 115 124 132 131 128 127 123 121 123
Note: the underlined are the measured maximum lateral forces 
3.3.3 Strains of reinforcement 
Measured strains for longitudinal rebars are shown in Fig. 3-15. The terms “East” (blue dashed 
line) and “West” (red solid line) in Fig. 3-15 represent the strains measured at the initially 
tensile and compressive sides of column at the section 25mm away from the column base, 
respectively, while the black dotted horizontal lines represent the yield strains. 
 
Fig. 3-15 Measured strains in longitudinal bars 
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Fig. 3-15 Continued 
 
From Fig. 3-15 it can be noted that neither SBPDN rebars nor USD 685 rebars reached their 
yield strains till the end of testing. The strains of USD 685 rebars increased along with drift 
angle at a higher rate than that of SBPDN rebars, which coincides with the fact that the initial 
lateral resistance of specimen with USD 685 rebars was larger than that of specimen with 
SBPDN rebars as illustrated in Fig. 3-12. 
 
The distributions of strains of longitudinal rebars along column height are shown in Fig. 3-16. 
 
 
Fig. 3-16 Strains distribution of main reinforcement in square columns  
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Fig. 3-16 Continued 
 
The lateral strains of transverse hoops measured at three specific sections (see Fig. 3-7) are 
shown in Fig. 3-17. The strain gauges were attached on the east side (initially tensile side) of 
the column at the levels of 30mm, 150mm and 270mm away from the column. It can be seen 
from Fig. 3-17 that the lateral strains measured at the section 150mm away from the base were 
larger than those measured at the section near the column base, which implies that the critical 
section of columns might shift from the column base upward due to the so-called extra 
confinement provided by the stiff loading stubs. Besides, all hoops reached their yielding strains 
and worked as lateral confiner. 
 
 
Fig. 3-17 Measured strains in lateral reinforcement 
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Fig. 3-17 Continued 
 
 
3.3.4 Axial deformation 
Figure 3.18 shows axial deformation versus drift angle relationship for all specimens. The terms 
1.0 and 2.0 in Fig. 3-18 represent the axial deformation within 250mm end region and 
500mm end region, respectively. For specimen SS40N33U only presented is the axial strain of 
2.0 because the measured axial strain within 250mm end region was out of tune due to mistake 
of measurement. In Fig. 3-18 presented only axial displacement development until drift angle 
reaches 0.03 rad. since after, spalling of the cover concrete occurred. From Fig. 3-18 one can 
be seen that the axial deformation almost concentrated within the limits of the 250mm height 
(1.0D end region) for the columns reinforced by SBPDN rebars. But for the column with USD 
rebars, the axial deformation can be noticed out of the 1.0D end region, which indicates that the 
high bond strength of USD rebars can extend the damage height of column comparing with 
SBPDN reinforcement columns. 
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Fig. 3-18 Measured axial deformation 
 
3.3.5 Residual deformation and residual width of cracks 
Two important factors for assessing the resilience or drift hardening feature of concrete columns 
may be the residual crack width and residual drift, both of which are related directly to 
reparability of a concrete structure after ground shaking. Fig. 3-19 shows the measured residual 
crack width at each peak drift level. The residual crack width shown in Fig. 3-19 represent that 
of the most significantly observed crack. 
 
One can see from Fig. 3-19 that until R=0.02 rad., the residual crack widths were less than 
0.2mm except that of specimen made of high strength concrete. Considering the fact that 0.2mm 
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is the upper limit for the concrete that does not need major repairing [3.5], it can be said that 
the utilization of SBPDN rebars can significantly reduce the repairing cost for concrete columns 
subjected to design strong earthquake.  
 
 
Fig. 3-19 Measured residual crack width 
 
Fig. 3-20 presents the measured residual drift angles of the test columns. All specimens 
exhibited small residual drift angle up to the so-called safety-limit drift level of 0.02 rad. After 
drift ratio became more than 0.02 rad., the residual drift angle of the specimens with SBPDN 
rebars increased much slowly than that of the specimen with USD 685 rebars. The drift angles 
of specimens with SBPDN rebars after unloaded from drift angle of 0.04 rad. were a little larger 
than those measured in circular drift hardening columns due to more significant negative effect 
of spalling off of the cover concrete than that in circular columns. The residual drift angles 
corresponding to R=0.04 rad. peak drift of specimens with SBPDN rebars became larger along 
with shear span ratio, but the difference due to shear span ratio was subtle. On the other hand, 
the residual drift angle of specimen with USD 685 rebars exhibited sharp increase after R=0.025 
rad. and reached 0.015 rad. after unloading from the drift angle of 0.035 rad. 
 
 
Fig. 3-20 Measured residual deformations 
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3.3.6 Damping 
Fig. 3-21 shows the measured equivalent viscous damping coefficient for all specimens. Until 
R=0.03 rad., all square columns made of ultra-high strength rebars, either SBPDN or USD 685, 
exhibited a nearly the same coefficient of about 0.07, which implies that the utilization of ultra-
high strength rebars can provide square concrete columns with a nonlinear elastic behavior until 
the longitudinal rebars reach yielding strain. The specimen with USD 685 rebars showed an 
abrupt increase in equivalent viscous damping coefficient from the drift angle of 0.025 rad. on 
due to the inversion of failure mode at that drift level. This fact means that SBPDN rebar is 
more suitable for making drift hardening concrete columns than deformed USD 685 rebars. 
 
 
Fig. 3-21 Measured equivalent viscous damping coefficients 
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3.4 Conclusions 
In this chapter, six one-third scale square concrete columns were fabricated and tested under 
high axial loads to investigate if it is feasible to make square drift hardening concrete columns 
by utilizing ultra-high strength reinforcement as longitudinal rebars. The experimental variables 
were the shear span ratio (2.5 to 4.0), concrete strength, and the type of ultra-high strength 
rebars. From the experiments and the testing range described in this chapter, the following 
conclusions can be drawn.   
 
1) While concrete strength varied widely between 29.0 MPa and 71.4 MPa, the utilization 
of SBPDN rebars could provide square concrete columns with drift hardening angle of 
at least 0.03 rad., unloading from which the residual drift angle is controlled below 0.005 
rad. The smallest drift hardening angle of 0.03 rad. was measured in specimen with 
shear span ratio of 4.0 and under axial load ratio of 0.33. 
 
2) The use of USD 685 deformed rebars could also provide square column with sufficient 
drift hardening angle, while smaller than that provided by SBPDN rebars. However, 
early development of stress in USD 685 rebar due to its high bond strength gave higher 
lateral resistance and hence required much more transverse steel to provide higher shear 
capacity and avoid the inversion of failure mode at larger drift angle. 
[1.4]  
3) Square columns made of SBPDN rebars exhibited smaller drift hardening drift level 
than circular columns due to the spalling off of cover concrete in the former has more 
serious influence on the degradation of lateral resistance than in the latter. Therefore, it 
can be presumed that combination of SBPDN rebars and steel tube confinement may 
enhance the drift hardening angle of square columns.  
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CHAPTER FOUR  
4 Integrated Analytical Method to Evaluate Hysteretic 
Behaviors of Concrete Columns Considering Effect of 
Bond Slip of Rebars  
 
“There are no exact answers. Just bad ones, good ones and better ones. Engineering is the art 
of approximation.” 
Ulrich Häussler-Combe 
 
4.1 Introduction 
As described in chapters two and three, circular and square columns reinforced with SBPDN 
rebars may exhibit drift-hardening behavior, stable increase of lateral resistance and low 
residual deformation up to as large a drift level of 0.03 rad. or 0.05 rad. All these favorite 
features can be attributed to the low bond strength of SBPDN rebar. However, the low bond 
strength leads to the violation of the plane-remain-plane assumption between longitudinal 
rebars and concrete in column section. Therefore, to reliably evaluate hysteretic response of 
concrete columns with SBPDN rebars, it is indispensable to account for the effect of bond 
slippage of longitudinal rebars on the cyclic behavior into consideration.  
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Though Funato [4.1] and Cai [4.2] have proposed analytical methods to account for the effect 
of bond slippage in the case of circular drift hardening columns, there are still several important 
problems concerning with the accuracy of their methods needed to be solved. These problems 
include 1) double confinement effect by hoops and steel tubes on the compressive strength of 
concrete and the bond strength of SBPDN rebars and hence the overall seismic response, 2) 
effect of the residual bond strength of SBPDN rebars on the residual drift angle, and 3) 
applicability of the analytical method to square drift hardening concrete columns. 
 
Objectives of this chapter are to refine the analytical method originally proposed by Funato 
[4.1] and Cai [4.2] by addressing the three issues described above. 
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4.2 Stress-strain models of the used materials and analytical method 
4.2.1 Stress-strain model for confined concrete 
Constitutive laws of materials are indispensable to the analysis of cyclic behavior of concrete 
components, ductile and drift hardening. In the case of drift hardening concrete columns, 
reliable and accuracy stress-strain model for concrete plays a predominant role in accurately 
predicting the overall seismic behavior.  
 
As the reliable stress-strain model for concrete confined by hoop and/or steel tube, this chapter 
will adopt the model originally proposed by Sakino and Sun [4.3] to define the envelope curve, 
but will modify the model by further considering the confinement effect doubly provided by 
hoops and steel tubes, making the model suitable for the columns partially confined by steel 
tubes and described in chapter two.  
 
  
Fig. 4-1 Uniaxial compressive stress–strain envelope curve of confined concrete [4.3] 
 
Fig. 4-1 shows outline of the proposed model. This model has been proposed to cover concrete 
with a wide range of concrete strength (up to 150 MPa) and confined by rectangular hoops with 
various kinds of configurations, circular spirals or hoops, and square and circular steel tubes.  
 
According to the original stress-strain model, the compressive stress of confined concrete fc at 
a given strain of c can be defined in form of 
 
  2
2
21
1
DXXA
XDAXfKf pc 
                                                                                   (4.1) 
Where   
  
  



5.1,5.12035.3
5.1,17.41
0
0
KK
KK

 , pccc fKEEEA  0sec                           (4.2) 
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23)1(017.025.2 pp fKfD   ,  

confinmenttube
confinmenthoop
4.2
6.1           (4.3) 
  325.0 1094.0  po f ,    41033.069.0  pc fE  , 0ccX                        (4.4) 
As one can see from Eq. (4.1) through Eq. (4.4), only if plain or unconfined concrete strength 
( cp ff `85.0 ) and the so-called strength enhancement ratio (K) for confined concrete are 
known, the envelope curve for confined concrete can be completely determined. 
 
For the concrete confined only by circular spirals or by steel tubes, its strength enhancement 
ratio K can be obtained by Eq. (4.5) or Eq. (4.6), 
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105.21           for hoop confinement                             (4.5) 
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




2
21.41                  for steel tube confinement                     (4.6) 
where h is the volumetric ratio of spirals or hoops, fyh is the yield stress of spirals or hoops, s 
is the spacing of transverse steels, Dc is the diameter of core concrete as defined in Fig. 4-2, t 
is the thickness of steel tube, D is the outer diameter of steel tube, and fyt is the yield stress of 
steel tube, ccf   is the strength of confined concrete.  
 
 
a) hoops and spiral b) tube 
Fig. 4-2 Definition of core and shell concrete in concrete columns 
 
It is apparent from Fig. 4-2, the core concrete in the columns tested in chapter two is doubly 
confined by not only the steel tubes but also by spirals or hoops, while the steel amount of hoops 
or spirals is few. Therefore, to more accurately analyze cyclic behavior of circular drift-
hardening columns, it is necessary take this double confinement effect into consideration.  
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Based on the definition shown in Fig. 4-2, this paper will divide concrete section into core 
section and shell section, and propose the following two equations to calculate the strength 
enhancement ratio for core concrete (Kc) and shell concrete (Ks), respectively. 
p
yhh
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c f
f
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f
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Fig. 4-3 Definition of core and shell cover concrete 
 
The cyclic (unloading and reloading) rules of the stress-strain model proposed by Sun et al. 
[4.4] are shown in Fig. 4-4 and will be adopted as it is. As unloading occurs at point A (un, fun), 
the unloading curve is assumed to be a parabola with point B (pl, 0) as its peak point where the 
tangential stiffness is zero. The reloading curve is assumed to be a straight line that connects 
the reloading point R (re, fre) with point C (un, 0.9 fun) as shown in Fig. 4-4. Based on these 
assumptions, the unloading curve (AB curve) as well as the reloading curve (BD curve) can be 
defined by equation Eq. (4.9). 
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
9.0
2
                                      (4.9) 
For simplicity, the plastic residual strain pl is defined as the abscissa at the intersection of a 
straight line from point A and with Ec as its slope with the strain axis. Following this 
simplification, the residual strain pl can be calculated by equation Eq. (4-10). 
c
un
unpl E
f                                                                                                        (4.10) 
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Fig. 4-4 Complete stress-strain curve of confined concrete under compression 
 
4.2.2 Stress-strain model of SBPDN rebar 
The stress-strain relationship proposed by Kitajima et al. [4.4] is adopted to depict the envelope 
curve for the stress-strain model of SBPDN rebar. Fig. 4-5 displays outline of the relationship. 
The stress-strain relationship is based on the well-known Menegotto-Pinto model [4.5] and 
modified on the basis of test results of ultra-high strength bars. The curve has two asymptotic 
straight lines with initial elastic modulus Es and a tangent (gradient Et = QEs) at the peak point, 
and the equation of the curve is expressed by Eq. (4.11), 
   
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


 NN
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                                                                            (4.11) 
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 , N=3.0                                          (4.12) 
 
 
Fig. 4-5 Outline of envelope curve for the stress-strain model of SBPDN rebar 
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where ௦݂ and ߝ௦ are the steel stress and strain, respectively, Es is the Young’s modulus, ߝ௖௛ is 
the characteristic strain as shown in Fig. 4-5, N is the curvature coefficient of the curve, and Q 
is the ratio of the tangential stiffness at the peak to the initial stiffness Es.  
 
The unloading and reloading models suggested by Kitajima et al. [4.4] shown in Fig. 4-6 are 
adopted for SBPDN rebar. There are three cases for unloading and/or reloading as listed below: 
 
1)  Unloading or reloading from point A on the envelope curve: the end point C is located on 
the reversed envelope with the point (εmo,0) as its origin. The absolute strain εss at point C 
is assumed to be equal to the experienced maximum strain in the reversed direction. 
2)  Reloading from point D on the unloading curve: the end point will be point A, which is the 
start point of the previous unloading curve. 
3)  Unloading/reloading from point E on the reloading curve: the start point D of the previous 
reloading curve will be taken as the end point. 
 
Fig. 4-6 Unloading and reloading rules for stress-strain curve of reinforcing steel 
 
When the start point (ε0, f0) and the end point (εb, fb) are specified, the Menegotto-Pinto function 
is used again to define the unloading and/or reloading curves as follows: 
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                                                      (4.13) 
The parameter Q1 in Eq. (4.13) is the ratio of the tangential stiffness at the end point to that at 
the start point, which is equal to Young’s modulus. To insure continuity between the unloading 
(reloading) curve and the envelop curve or the previous reversed curve, the tangential stiffness 
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at the end point is assumed to be equal to that of the envelop curve or the previous reversed 
loading/unloading curve. Based on their test results, Fukuhara and Sun [4.6] have developed an 
empirical formula to calculate the curvature coefficient N1 in form of 




0    ,180.3
0               ,0.3
1
bb
bN 

                                                                                      (4.13) 
where εb is the strain at the end point, and is taken as positive when it is tensile. After obtaining 
the values of N1 and Q1, one can solve the characteristic strain εch1 by substituting coordinates 
of the end point (εb, fb ) into Eq. 4.12. 
4.2.3 Bond-slip model between concrete and SBPDN rebar 
As described in the test results, SBPDN rebars tended to commence slipping when drift angle 
R reached 0.0075 rad. due to its low bond strength. Therefore, to reliably assess cyclic behavior 
of concrete columns with SBPDN rebars, it is indispensable to account for the effect of bond 
slip, and develop a sound bond stress-slip law for SBPDN rebar.  
 
Funato [4.1] have suggested an integrated bond stress-slip model, whose envelope curve is 
plotted in Fig. 4-8 while the unloading and/or reloading laws are illustrated in Fig. 4-9.  
 
According to Funato [4.1], bond strength of SBPDN rebar embedded in unconfined concrete 
with compressive strength of 40 MPa is close to a constant of 3.0 MPa, and the residual bond 
strength (cbf) at large slip can be taken as 13% of its peak bond stress (max).  
 
However, it is well known that the bond strength of a rebar is also affected by the concrete 
strength. Therefore, to enhance accuracy of analytical method, bond strength of SBPDN rebar 
will be related to strength of confined concrete, and redefined as follow:  
40
0.3max
c
c
fK                                                                                                     (4.14) 
where ߬cmܽݔ is the bond strength of SBPDN bar in confined concrete, and K is the strength 
enhancement ratio of the confined concrete as defined above. As shown in Eq. (4.14), in 
addition to the effect of concrete strength, the confinement effect by spirals and/or steel tubes 
is also taken into account in the modification.  
 
Another important parameter, which will be modified in Funato model, is the residual bond 
stress (bf) for confined concrete. According to fib Model Code for Concrete Structure 2010 
[4.7], residual bond stress for ordinary deformed rebar embedded in well-confined concrete can 
be taken as 0.4max. Juan Murcia Delso et al. [4.8] assumed that a residual bond stress bf for 
cyclic loadings in well confined concrete is equal to 25% of the maximum bond stress. This 
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paper will adopt 0.25max as the residual bond strength for SBPDN rebar embedded in confined 
concrete [4.9]. The modified bond stress-slip models are plotted in Fig. 4-8 in blue lines along 
with the original ones in red lines. 
 
 
Fig. 4-7 The envelope bond stress-slip relationship of SBPDN rebar 
 
 
Fig. 4-8 Unloading and/or reloading bond stress – slip curves of SBPDN rebar 
 
4.2.4 Description of analytical method 
The analytical hysteretic behavior of concrete members made of high-strength materials can 
vary pretty much, depending on the analytical method. Under cyclic lateral loading, a numerical 
hysteretic model must be able to simulate stiffness degradation at large drift level, strength 
deterioration, bond slip and axial load effect (P- effect) in order to foresee the lateral 
deformation response of such columns as reinforced with low bond high-strength bars. Thus, it 
is indispensable to find out in the limitations and suitability of numerical models to simulate 
seismic response of concrete members. In this study to evaluate hysteresis performance of 
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concrete members made of high-strength steel with low bond strength, the finite springs method 
(FSM) will be utilized as a main calculation tool [4.10, 4.11]. 
In the FSM, a concrete column under seismic loading will be divided into three zones; they are; 
1) the plastic hinge zone that produces a uniform curvature concentrating within the end region 
of the column, 2) the joint zone which is adjacent to the hinge zone and simulates beam-column 
joints, and 3) the elastic zone as shown in Fig. 4.9. In each zone, column section is divided into 
finite fiber elements as shown in Fig. 4-10. 
  
 
 
 Fig. 4-9  Zones of a concrete column in the FSM  
 
 
Section                                     Strain distribution 
Fig. 4-10 Section discretion and strain profile in column cross section 
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4.2.5 Analytical assumptions and procedures 
To analyze cyclic behavior of drift-hardening concrete columns, the following assumption are 
made; 1) concrete does not resist tensile stress, 2) the concrete plane remains plane after bending, 
3) the constitutive laws of SBPDN rebars and the concrete are known (see equations given in 
this chapter), 4) the bond stress-slip relationship of SBPDN rebars follows the modified Funato 
model, 5) the hinge segment of column has a length of 1.0D (D is the outer diameter of circular 
column or is the depth of rectangular columns), and 6) strain and stress of SBPDN rebars are 
uniformly distributed within the plastic hinge segment.  
 
Based on the above-mentioned assumptions, the procedures to calculate cyclic response of drift-
hardening concrete columns can be summarized as follows:  
 
1) Divide a member into joint zone, hinge zone, and elastic zone as shown in Fig. 4-11.  
2) For a given drift angle Rk, calculate the curvature φk in the hinge zone from the six 
assumption. 
3) Give an initial value to the strain at the center of section εk, and obtain the concrete strain 
distribution εci across the section depth following the second assumption (see Fig. 4-11). 
4) For the j-th row rebar, give an initial slip SBj at the right side of the joint zone. 
5) Obtain the stress FBj as Fs(1), which is computed by the iterative procedures shown in Fig. 
4-12. 
6) The rebar strain in the hinge zone can be calculated as ߝ௦௝ ൌ ௦݂ି ଵሺܨ஻௝ሻ. 
7) Obtain the slip SCj ( SCj = −SBj + (εcj −εsj )⋅ Lp) for the j-th row rebar at the left end of the 
elastic zone. 
8) Calculate the rebar stress FCj corresponding to the slip SCj using the procedure in Fig. 4-3. 
9) If FBj = FCj exists, then the εsj in step 6) is the strain of the j-th row rebar; if not, assume a 
new slip SBj and repeat calculations of step 4) through to step 8). 
10) For all rows of the rebars, repeating steps 4) through 9) one can obtain the rebar strain 
distribution εsj(j=1 to n) , in which the slip effect has been taken into account. 
11) Calculate the concrete stress and the rebar stress from respective constitutive law. 
12) Calculate the internal axial load N and the moment M. 
13) If the axial load N balances the applied axial load P within a tolerable error, the calculated 
M is taken as the moment Mk corresponding to the given Rk. If not, assume a new center 
strain εk, and repeat from step 4). 
14) Obtain the lateral force Vk corresponding to Rk by ௞ܸ ൌ ܯ௞ ܮ⁄ െ ܲ ∙ ܴ௞ 
15) Give a new Rk and repeat the above steps till the target drift ratio. 
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Step 1. 
Assign SBj to S(0), which is 
the slip at the right side of 
the first segment. S(0) = 
SBj. 
Step 2. 
Give an initial stress Fs(1) to 
the rebar in the first 
segment. Then calculate the 
slip at the left side of the k-
th segment till k=n. 
Step 3. 
If the boundary condition in 
the n-th segment is met, the 
assumed rebar stress Fs(1) is 
the stress 
where, S(k), Fs(k), (k),  (k) are the slip, the rebar stress, the bond stress, and the rebar strain in the k-th 
segment facing to the hinge region, respectively, l is segment length, As and d are the cross area and nominal 
diameter of the rebar, respectively. 
Fig. 4-11 Concept and iterative procedures of the cyclic analysis of concrete columns 
considering bond slip effect 
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4.3 Verification of the numerical analysis models 
To verify validity of the modifications made in chapter aiming to enhance accuracy of the 
analytical method for evaluating the cyclic performance of drift-hardening concrete columns, 
the predicted results by the refined analytical method will be compared with the experimental 
ones presented in the second and the third chapters of this paper. The details of modifications 
are summarized in Table 4-1 for circular drift-hardening concrete columns.   
 
Comparison will be made in three important aspects, 1) the lateral force versus drift angle 
relationship, 2) residual drift angle, and 3) the energy absorption capacity in terms of equivalent 
viscous damping ratio. 
 
Table 4-1 Detail of modifications for circular and square columns 
No. Item Original [4.2] Modification 
1 
Strength 
enhancement ratio 
for tubed columns 
ܭ
ൌ 1 ൅ 4.1 ൬ 2ܦ′ ݐ െ 2⁄ ൰
௬݂௧
௣݂ᇱ
ܭ௖௢௥௘
ൌ 1 ൅ 4.1 ൬ 2ܦ′ ݐ െ 2⁄ ൰
௬݂௧
௣݂ᇱ
൅ 2.05 ൬1 െ ݏ2ܦ௖൰
ଶ ߩ௛ ௬݂௛
௣݂ᇱ
 
2 Bond strength of SBPDN rebar ߬௠௔௫ ൌ 3.0 ߬௖௠௔௫ ൌ 3ඨ
ܭ ௣݂`
40  
3 
Residual bond 
strength of SBPDN  
rebar 
߬௕௙ ൌ 0.13߬௠௔௫ ߬௖ ௕௙ ൌ 0.25߬௖	௠௔௫ 
4 Plastic hinge length Lp=D by Codes 
 
 
4.3.1 Effect of double confinement on the specimens confined by steel tubes 
Fig. 4-12 shows effect of double confinement by spirals and steel tubes on cyclic behavior of 
eight circular columns confined by the bolted steel tubes. As one can see from Fig. 4-12 and 
Table 4-2, though the steel amount of spirals or hoops used in the tubed columns was little, 
considering the confinement provided by spirals can improve accuracy of analytical cyclic 
curves by 5% at maximum.  
 
Since cyclic response of the drift-hardening concrete columns is very stable up to large drift 
level, their overall seismic capacities can generally be represented by the envelope curves. 
Therefore, hereafter comparisons and verifications of the theoretical results will be conducted 
in form of envelope curve, which is obtained by connecting the points corresponding to the 
specific drift angles on the cyclic curves. 
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where Exp. is Experimental result, AnKs and AnKd are calculated result with single strength enhancement 
ratio and double strength enhancement ratio respectively 
Fig. 4-12 Effect of double confinement on cyclic behavior of tubed columns 
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Fig. 4-12 Continued 
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Table 4-2 Calculated lateral forces at each peak drift angles for tubed circular columns 
 RS30N33T RS30N45T RS30N33T32 
R Experim. 
Single 
Conf. 
Double 
Conf. 
Experim.
Single 
Conf.
Double 
Conf.
Experim. 
Single 
Conf. 
Double 
Conf.
x10-2 
rad. 
kN kN kN kN kN kN kN kN kN 
0.25 56.1 58.1 58.8 51.5 63.3 64.0 58.2 55.8 56.6 
0.5 80.8 72.5 73.9 78.9 80.5 81.9 85.2 71.4 73.4 
0.75 85.5 80.1 81.9 92.8 87.5 89.9 98.8 80.2 82.8 
1.0 95.0 84.5 86.9 98.0 91.3 93.8 106.6 85.7 89.2 
1.5 94.1 90.7 93.6 108.6 94.6 98.1 117.8 94.4 98.5 
2.0 103.6 93.9 97.2 112.4 95.3 97.0 122.7 100.3 103.8
2.5 109.2 96.4 99.9 115.4 94.9 99.1 124.5 105.5 109.1
3.0 114.2 98.8 102.3 119.5 94.9 99.3 129.4 110.2 113.6
3.5 116.9 100.4 104.4 121.4 94.0 99.1 131.0 114.0 117.5
4.0 119.0 101.9 105.8 122.2 93.2 98.2 133.6 117.3 120.5
5.0 126.0 105.1 110.2 126.4 93.3 98.7 139.2 122.9 123.8
R RS40N10T RS40N33T` RS40N33T 
0.25 20.5 27.2 27.8 29.2 42.6 43.1 31.4 36.5 37.0 
0.5 29.9 34.7 36.0 46.6 53.2 54.5 47.2 46.0 47.5 
0.75 36.5 39.2 41.0 55.7 58.2 60.0 56.0 51.5 53.1 
1.0 41.5 42.8 45.5 60.1 61.4 63.4 62.2 55.2 56.9 
1.5 51.8 49.6 52.7 68.4 65.0 67.3 72.4 60.0 61.9 
2.0 57.1 54.9 57.4 72.6 65.9 66.8 77.4 62.4 64.6 
2.5 62.1 60.1 62.5 75.8 65.2 68.5 81.1 63.8 66.5 
3.0 68.4 64.2 67.1 79.2 64.8 68.4 83.6 65.2 67.8 
3.5 73.6 68.4 71.1 81.2 64.6 67.9 84.2 66.5 68.9 
4.0 77.7 71.4 74.1 83.9 63.7 67.1 82.8 67.2 69.8 
5.0 86.3 77.5 78.3    85.3 69.1 71.6 
R RS40N50T RS40N33T DC  
0.25 36.1 37.7 38.7 36.8 41.8 42.2    
0.5 57.9 50.1 50.7 55.6 51.9 53.0    
0.75 68.2 55.9 56.6 63.9 57.0 58.4    
1.0 72.8 58.6 59.9 70.1 60.3 61.8    
1.5 83.1 61.4 63.5 79.4 65.6 67.3    
2.0 87.5 62.1 62.5 82.6 68.7 70.7    
2.5 89.1 61.9 64.7 84.7 70.7 73.0    
3.0 90.3 61.5 64.4 88.4 72.7 75.2    
3.5 90.8 60.9 63.5 90.4 73.9 76.4    
4.0 89.0 59.7 62.5 91.6 75.0 77.7    
5.0 88.6 58.5 61.4 96.0 76.1 78.3    
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4.3.2 Effect of bond strength and residual bond strength 
  
  
  
  
where Exp. is Experimental result, An. Ks  is calculated result with single strength enhancement ratio, An 
Kd BS is calculated result with double strength enhancement ratio plus modified bond stress, An Kd, BS, 
RB is calculated result with double strength enhancement ratio plus modified bond stress plus modified 
residual bond stress 
Fig. 4-13 Effect of (residual) bond strength on capacity curves of tubed columns 
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Fig. 4-14 Effect of (residual) bond  strength on capacity curves of spiraled columns  
 
  
  
Fig. 4-15 Effect of (residual) bond  strength on capacity curves of hooped columns 
 
Fig. 4-13, Fig. 4-14 and Fig. 4-15 show effect of bond strength and residual bond strength of 
SBPDN rebars on the capacity curves, which are the envelope curves of the hysteretic loops in 
the push direction, of the specimens confined by circular steel tubes (tubed columns), by 
circular spirals (spiraled columns), and by square hoops (hooped columns), respectively. The 
specimens with SD345 and/or USD 685 rebars are not included in these figures. 
 
As apparent from Fig. 4-13 through Fig. 4-15, the theoretical capacity curves predict the 
measured results up to large drift with relatively high accuracy. The bond strength and residual 
bond strength of SBPDN rebars, however, exhibit little, in any, significant influence on the 
theoretical capacity curves of drift-hardening concrete columns regardless of their confinement 
method and sectional shape. The theoretical curves of hooped columns give much more 
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conservative prediction than tubed and spiraled columns. This can be attributed to the ignorance 
of the so-called extra confinement by the stiff loading stub while this kind of confinement effect 
has been widely recognized in the case of conventional square concrete columns [4.12]. 
 
 
Fig. 4-16 Effect of (residual) bond strength on residual drift angle of tubed columns  
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Fig. 4-17 Effect of (residual) bond strength on residual drift angle for spiraled columns 
 
  
  
Fig. 4-18 Effect of (residual) bond strength on residual drift angle for hooped columns 
 
On the other hand, as shown in Fig. 4-16 through Fig. 4-18, which show effect of bond strength 
and residual bond strength on the residual drift angle, modification of the residual bond strength 
can significantly upgrade the agreement between the theoretical predictions and the measured 
results for drift-hardening columns. 
 
For spiraled and hooped columns with shear span ratio of 4.0 (RS40N33U and SS40N33U), the 
modified residual drift angles seem to overestimate the measured results. This can be attributed 
to too short plastic hinge length for these two long columns and will be discussed later.  
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Effect of bond strength and residual bond strength of SBPDN rebars on the equivalent viscous 
damping ratio (EVDR) of the tubed, spiraled, and hooped columns are plotted in Fig. 4-19, Fig. 
4-20, and Fig. 4-21, respectively. As one can see from these three figures, it is the residual bond 
 
  
 
 
  
 
 
Fig. 4-19 Effect of (residual) bond strength on EDVRs of the tubed columns 
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Fig. 4-20 Effect of (residual) bond strength on EDVRs of the spiraled columns 
 
  
  
Fig. 4-21 Effect of (residual) bond strength on EDVRs of the hooped columns 
 
strength that has dominant influence on the EVDR rather than the bond strength. Modification 
of residual bond strength proposed in this chapter provides much more accurate prediction of 
the EVDR than the original model.   
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4.3.3 Effect of plastic hinge length on long columns  
The previous section has demonstrated that modifications made in this chapter can enhance 
accuracy of theoretical prediction significantly. However, for the long spiraled columns with 
shear span ratio of 4.0, the residual drift angle of them (e.g. specimens RS40N33U and 
SS40N33U) tends to be overestimated after drift angle reached 0.015 rad. The possible reason 
for this discrepancy may be attributed to the assumed length of plastic hinge. 
 
As one of the basic assumptions of the refined analytical method, the length of plastic hinge is 
assumed to be 1.0D (D is the outer diameter of column section) for all columns in spite of their 
different shear span ratio. However, as prescribed in several design codes such as ATC 32 [4.13] 
and EN-1998-2 [4.14], the plastic hinge length of a concrete column shall vary along with shear 
span ratio of the column. According to these two codes, the plastic hinge length of a concrete 
column can be given as follows:  
 
1996,32022.008.0
2005:21998015.01.0

 

ATCdfL
EndfL
L
bly
bly
p                                                              (4.22) 
where Lp is the plastic hinge length, L is the length of column from the section of maximum 
moment to the contra-flexural section, fy is yield strength of longitudinal rebars, and dbl is the 
nominal diameter of longitudinal rebars. 
  
To verify if the plastic hinge length influences the theoretical residual drift angles for long 
columns, theoretical results including the capacity curve, the residual drift angle, and the EVDR 
of the columns with shear span ratio of 4.0 are compared with the measured results in Fig. 4-22 
through Fig. 4-24 for the tubed, spiraled, and hooped columns, respectively. 
 
Since Eq. (4.22) were intended for the columns with shear span ratio of 3.0 and longer, a 
reduction factor is needed so that Eq. (4.22) can be applied to concrete columns with smaller 
shear span ratio [4.14].  
 
3
DL    ,)015.01.0(  blyp dfLL                                                                     (4.23) 
As one can see from Fig. 4-22 through Fig. 4.24, the assumed plastic hinge length does not 
influence capacity curves of drift-hardening long columns much. Change of the plastic hinge 
length, however, does influence the theoretical residual drift angles and the EVDRs for the long 
spiraled column. Substituting the shear span and the yield strength of SBPDN rebar into Eq. 
(4.23), one can obtain 365mm (EN1998) or 460mm (ATC 32) as the plastic hinge length for 
the columns with shear span ratio of 4.0. These values are much larger than the assumed length 
of 250mm.  
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Fig. 4-22 Effect of plastic hinge length for the tubed long columns 
 
Fig. 4-23 Effect of plastic hinge length for the spiraled long column 
 
Fig. 4-24 Effect of plastic hinge length for the hooped long column 
 
From Fig. 4-22 through Fig. 4-24, it can be further seen that the longer the plastic hinge region, 
the smaller the theoretical residual drift angle and the EVDR for the long spiraled and hooped 
columns.  However, for the tubed columns, plastic hinge length does not influence the residual 
drift because the steel plate prevents collapse of cover concrete, controls expansion of the 
damage region, and keeps plastic hinge within a limited zone.  
 
The above observation means that for the spiraled and hooped columns with shear span ratio 
beyond 4.0, to insure accuracy of the prediction of residual drift, the plastic hinge length should 
be connected with their shear span as shown in Eq. (4.22) rather than taken as a constant. 
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4.4 Conclusions 
This chapter is intended to refine an analytical method for assessing cyclic behavior and 
properties of concrete columns reinforced with SBPDN rebars. The refinement is achieved by, 
1) taking account for the double confinement effect by steel tube and/or spirals on the concrete 
contained by steel tubes, 2) modifying assessment of bond strength, in particular the residual 
bond strength of SBPDN rebar at large slip, and 3) reevaluating the plastic hinge length of 
concrete columns.  
 
To verify validity and accuracy of the refined analytical method in evaluating cyclic behavior 
of circular drift-hardening concrete columns, and to clarify if it can be applied to square drift-
hardening concrete columns, the theoretical predictions by the refined method are compared 
with the measured results in terms of lateral load – drift angle relationship or the capacity curve, 
the residual drift angle, and the equivalent viscous damping ratio for the test columns described 
in chapters two and three.  
 
Based on the comparisons, within the ranges of the structural factors including shear span ratio 
(up to 4.0), concrete strength (up to 70MPa), and axial load ratio (up to 0.50) adopted in the 
tests described in chapters two and three, the following conclusions can be drawn: 
 
1) The analytical hysteretic loops and/or capacity curves by the refined method predict the 
experimental results fairly well up to large drift. The discrepancy between the 
theoretical and experimental results becomes larger on conservative side along with the 
shear span ratio and axial load ratio for tubed and spiraled columns, but the theoretical 
curves do trace the stable response of tubed and spiraled columns up to large drift. 
 
2) For circular columns confined by steel tube and spirals simultaneously, the 
improvement in the prediction of the capacity curve by the refined method is 5% at 
maximum, but the theoretical drift angles exhibit much better agreement with the 
measured results than those by original method. 
 
3) For square columns confined by hoops, the refined analytical method can give a fairly 
good prediction of the measured results while the theoretical capacity curves differ from 
the measured one with larger discrepancy than circular columns. This can be attributed 
to the ignorance of the so-called extra confinement by the stiff loading stub while this 
kind of confinement effect has been widely recognized in conventional square concrete 
columns. 
[1.5]  
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4) For circular and square columns without confinement by steel tube, to accurately predict 
their residual drift angles, the plastic hinge length of the columns shall be related to their 
shear span as recommended in current design codes such as EN1998-2 or ATC 32 rather 
than taken as a constant, e.g. 1.0D. 
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CHAPTER FIVE  
5 Modeling of hysteretic loop of circular drift-
hardening concrete columns  
 
“Analysis should be as simple as possible, but no simpler” 
Albert Einstein  
 
 
5.1 Introduction 
It is well known that a sound and reliable hysteretic model of structural components is 
indispensable to the reliable prediction of seismic performance of building and/or civil 
structures under strong earthquakes [5.1, 5.2]. Most of commercial programs for structural 
analysis generally begin the analytical procedures from the assumption of the constitutive laws 
of structural materials. In the case of structures utilizing the drift-hardening columns proposed 
in this paper, however, conventional analytical procedures may become very tedious and 
enlarge the design cost because of complexity and difficulty caused by the slippage of low-
bond strength SBPDN rebar. To promote application of the proposed drift-hardening concrete 
columns in actual buildings and/or bridge piers and to upgrade efficiency of seismic design, a 
simplified hysteretic model is desirable.  
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Objective of this paper is to develop a complete cyclic model to evaluate the hysteretic loop of 
drift-hardening concrete columns, whose characteristics and superiority over conventional 
ductile concrete columns is shown in Fig. 5-1. 
 
Fig. 5-1 Typical load-drift behaviors of drift-hardening column and ductile column 
 
The complete hysteretic model consists of three parts as listed below:  
 
1) Model to depict the envelope curve (capacity curve) of hysteretic lateral load V versus drift 
angle R relationship. The capacity curve will be referred to as V-R envelope curve hereafter. 
 
2) Model to evaluate residual drift angle Rres. 
 
3) Model to depict hysteretic loop. 
 
This chapter will concentrate on the modeling for circular drift-hardening columns, tubed and 
spiraled. Square hooped columns are excluded because of the diversity of the distribution of 
longitudinal SBPDN rebars. 
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5.2 Modeling of V-R envelope curve 
Based on the experimental results described in chapter two, the V-R envelope curve for circular 
drift-hardening concrete columns can be approximated three portions as shown in Fig. 5-2. 
They are, 1) initially elastic portion before flexural crack first occurs, 2) drift-hardening portion, 
and 3) lateral resistance degrading portion.  
 
Mathematic expressions for the three portions are summarized in Table 5-1. Apparently, to 
determine the envelope capacity curve, there are five parameters needed to be fixed. These 
parameters are listed below: 
 
1) The initial elastic stiffness (Ki) 
2) The lateral force (Vcr) where flexural crack first occurs 
3) The secondary stiffness (Kd) 
4) The peak drift ratio (Ru) 
5) The degrading slope (Ku) 
 
 
Fig. 5-2 Outline of the proposed capacity envelope curve 
 
Table 5-1 The main formulae in the proposed model 
Region V-R relationship Critical parameter 
Initial 
elastic criiii
RRRKV                          ,  Ki = Eq.(5.1), Vcr =Eq(5.3) 
Drift-
hardening 
    cridcri RLnRLnKVV   
uicr RRR 
Kd =Eq.(5.6), Ru = Eq.(5.9) 
Degrading iui RKV  ,    ui RR   iu KK 05.0  
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Among the five parameters, only two parameters (Kd and Ru) need to be evaluated since the 
other threes have been widely addressed either in current design codes such as ACI code [5-3] 
for the initial stiffness Ki and lateral force Vcr or in the previous study by Wang [5-4] for the 
degrading slope Ku.  
 
The expressions for Kd and Ru can be developed from experimental results. As described in 
chapter two, however, the limited number of specimens hinders covering effects of all important 
factors including axial load ratio, shear span ratio, concrete strength, steel amount of 
longitudinal SBPDN rebar, and confinement effect by steel tube and/or spiral. To insure 
sufficiently wide range of application to the proposed capacity curve, and based on the verified 
reliability and accuracy of the analytical method described in chapter four, the integrated digital 
tests will be conducted to develop the mathematic expressions for Kd and Ru.  
 
Table 5-2 lists the main factors and their varying ranges adopted in the digital tests. The main 
factors are the axial load ratio (n), the shear span ratio (a/D), the concrete compressive strength 
(fc’), the strength enhancement ratio for concrete (K), and the longitudinal reinforcement ratio 
(g). The diameter of column section is kept as 250mm because the circular columns tested in 
Chapter two will be used to verify accuracy of the developed expressions.  
 
Eight series of digital tests are conducted as listed in Table 5-2. In the digital tests, the yield 
strength for SBPDN rebars is taken as 1350 MPa. As shown in chapters two and three, there 
was difference between the yield strength of SBPDN rebars adopted in different date, but the 
difference is very subtle.   
 
Table 5-2 Main factors and their varying ranges in the digital tests 
Series 
Diameter of 
section D 
(mm) 
Axial load ratio
n 
Shear span 
ratio a/D
Concrete 
strength  
fc’ (MPa) 
Strength 
enhancement 
ratio K  
Steel amount of 
SBPDN rebars 
g (%) 
A 250 0.33 
1.5, 2.0, 
3.0, 4.0
27, 42, 60 
1.0 – 2.0 1.5, 2.0, 3.0 
B 250 0.15 27, 42, 60 
C 250 0.5 27, 42, 60 
D 250 0.33 27, 42, 60 
E 250 0.33 27, 42, 60 
F 250 0.33 27, 42, 60 
G 250 0.33 27, 42, 60 
H 250 0.6 27, 42, 60 
 
Note: fc’ is the concrete cylinder strength; a/D  is the shear span ratio; n is the axial load ratio; g –the steel ratio of 
longitudinal rebar; K is the strength enhancement ratio for concrete 
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5.2.1 The initial elastic stiffness  
The initial stiffness of a cantilever column can be expressed by a ratio of the lateral force to the 
deflection as shown in Fig. 5-3. Before the first flexural crack occurs, column section remains 
undamaged state, and its elastic stiffness can be obtained by superimposing those by concrete 
and longitudinal rebars in from of 
3
3
L
IEVK gci          (5.1) 
where V is the lateral force,  is the deflection, L is the shear span of column, Ec is the elasticity 
modulus of concrete, and Ig is the area moment of inertia for gross section of the column and 
can be computed by the following equation [5.5]. 
)
44
)2/((
4
)2/( 2244
s
c
s
s
c
s
cg r
dkdk
E
EDI
E
E
II      (5.2) 
In Eq. (5.2), where ܫܿ and ܫݏ are the area moments of inertia of concrete section and SBPDN 
rebars, respectively, ܧܿ and ܧݏ are the Young's modulus of concrete and SBPDN rebar, 
respectively, D is the diameter of column section, d is nominal diameter of SBPDN rebars, rs is 
the distance from the centroid of rebar to the center of section, k is number of rebars. 
 
 
Fig. 5-3 Cantilever column under combined lateral and axial load 
5.2.2 The lateral force (Vcr) which flexural crack first occurs 
Among many formulae for predicting the lateral force Vcr, the formula that is recommended in 
ACI-318 code [5.3] will be adopted and expressed as follow: 
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L
PDM
V crcr
2/         (5.3) 
cr
t
r
cr ffy
Icf
M 62.0   ,         (5.4) 
where Mcr is the moment that causes flexural crack, P is the applied axial load (compression is 
taken as positive), fr is the modulus of rupture of concrete, yt is the distance from the centroid 
axis of gross section to the extreme tensile fiber, Ic is the area moment of inertia of gross 
concrete section excluding that of longitudinal rebars,  is the modification factor reflecting the 
reduced mechanical properties of lightweight concrete and is taken as unit for normal-weight 
concrete, and fc’ is the compressive strength of concrete.  
 
After Ki and Vcr are determined by Eq. (5.1) and Eq. (5.2), the drift angle corresponding to Vcr 
then can be simply obtained by dividing Vcr with the calculated Ki.  
5.2.3 The secondary stiffness (Kd) 
As shown in Table 5-1 and Fig. 5-4, a logarithmic function is used to express the curvilinear 
trajectory of the drift-hardening portion of capacity curve.  Since parameter Kd does not express 
the tangential stiffness of the capacity curve, it is referred to as secondary stiffness in this paper.  
 
Apparently, the parameter A for the logarithmic function as shown in Fig. 5-4 is equal to Kd, 
and the parameter B is equal to Vcr as shown in Table 5-1. Therefore, if Kd is fixed, the capacity 
envelope curve for the drift-hardening portion can be completely determined. 
 
Fig. 5-5 displays influence of several factors on the calculated Kd.  The calculated Kd for each 
digital test is obtained by minimizing the difference between the areas covered by the 
logarithmic curve with varying Kd and that by the measured curve.   
 
Fig. 5-4 Outline of the logarithmic function for drift-hardening portion 
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As one can see from Fig. 5-5, shear span ratio more significantly influences the secondary 
stiffness than other factors; the longer the shear span ratio, the lower the secondary stiffness. 
Another factor exhibiting relatively close correlation with the secondary stiffness is the steel 
amount of longitudinal rebars; the more the steel amount, the higher the secondary stiffness. 
These observations imply that the longer shear span means larger degradation in lateral 
resistance at large drift due to the more significant P- effect, and that the more steel amount 
implies the more stable increase in the lateral resistance by SBPDN rebars which are still in 
elastic region even the column is deformed to large drift level. 
 
Based on the results shown in Fig. 5-5, one combined factor will be introduced to express the 
influence of the main factors on the secondary stiffness in form of 
igdpre Ka
DKK                                                      (5.5)  
  
  
  
Fig. 5-5 Influences of structural factors on the secondary stiffness 
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Fig. 5-6 Relationship between secondary stiffness and parameter Kdpre  
 
As obvious from Eq. (5.5), the factor Kdpre contains all primary factors influencing the 
secondary stiffness.  
 
Fig. 5-6 shows relationship between the calculated secondary stiffness and the parameter Kdpre, 
and much stronger correlation between them can be found than each single parameter shown in 
Fig. 5-5. Based on the results shown in Fig. 5-6, the following equation can be derived to 
evaluate the secondary stiffness 
506.5724.2  igd Ka
DKK                    (5.6)  
Where Ki is the initial stiffness defined by Eq. (5.1). 
 
5.2.4 The peak drift ratio (Ru) 
Experimental results described in chapter two have testified two facts; 1) the lateral resistance 
of circular drift-hardening columns keep increasing until longitudinal SBPDN rebars reach their 
yield strength, and 2) the higher the secondary stiffness, the larger the peak drift angle. From 
these two facts, it is rational to presume that the yield strength of SBPDN rebar will also 
influence the peak drift angle in addition to the above-mentioned factors influencing secondary 
stiffness. Based on this presumption, a new index will be defined below to predict the peak drift 
angle Ru. 
'
c
ysg
u f
f
n
r
            (5.7) 
Where fys is the yield strength of SBPDN rebar. 
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Fig. 5-7 shows the calculated peak drift angles for each group of digital test specimens with the 
same shear span ratio. 
 
As apparent from Fig. 5-7, for the columns with a same shear span ratio, their peak drift angles 
exhibit very strong correlation with the index ru, which implies that ru is a rational and proper 
index measuring the peak drift angle.  
 
Based on the results shown in Fig. 5-7, the following equation is proposed to predict the peak 
drift angle: 
BrAR uu  )ln(           (5.8) 
Fig. 5-8 displays the relationships between coefficient A (and B) in Eq. (5.8) and shear span 
ratio. It is clear that two coefficients (A and B) strongly correlates with the shear span ratio. 
From Fig. 5-8, it is easy to derive expressions for A and B, and one can obtain Eq. (5.9) to 
evaluate the peak drift angle Ru. 
     )/935.0651.0()ln()/151.1052.7( DarDaR uu   (Ru in 0.01 rad.)      (5.9) 
 
 
(a) a/D = 1.5 
 
(b) a/D =2.0 
(c) a/D = 3.0 (d) a/D = 4.0 
Fig. 5-7 Relationships between calculated peak drifts ratio and index ru 
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Fig. 5-8 Relationships between basic coefficients and shear span ratio 
5.2.5 Verification of the proposed capacity curve model 
In order to verify accuracy of the proposed capacity curve model, the experimental V-R curves 
obtained in chapter two are compared with the theoretical ones in Fig. 5-9 and Fig. 5-10 for 
tubed columns and spiraled columns, respectively. For comparison, the analytical V-R envelope 
curves by the integrated method described in chapter four are also plotted in these figures. The 
legends “Predicted” and “Analytical” shown in Figs. 5-9 and 5-10 represent the theoretical V-
R curves obtained by the simplified envelope curve model and those by the method presented 
in chapter four, respectively. 
  
The experimental V-R curves of spiraled columns tested by Cai et al. [5.6] are also compared 
in Fig. 5-10 to clarify applicability of the proposed model.  One can see from Figs. 5-9 and 5-
10 that the proposed method can successfully evaluate the overall lateral resistance capacity of 
circular drift-hardening columns, tubed and spiraled, up to large deformation, and that in some 
cases give more accurate prediction than that obtained by the integrated method. 
 
  
Fig. 5-9 Comparisons between the experimental and theoretical capacity curves for tubed 
columns 
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Fig. 5-9 Continued 
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Fig. 5-10 Comparisons between the experimental and theoretical capacity curves for 
spiraled columns 
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5.3 Modeling of Rres-R envelope curve 
The residual drift angle (Rres) is an important index for assessing reparability of drift-hardening 
concrete columns after earthquakes. Besides, sound evaluation of Rres is also indispensable to 
the reasonable modeling of the hysteretic loop.  
 
Fig. 5-11 illustrates two typical examples of the measured Rres for specimens with different 
shear span ratio. Very strong correlation can be observed between Rres and drift amplitude, and 
Rres can be accurately approximated by the following equation:  
RB
res eAR           (5.10) 
In order to determine Rres, coefficients A and B must be at first fixed. Fig. 5-12 and Fig. 5-13 
show the relationships between coefficients A and B and several structural factors, respectively. 
The factors studied include the axial load ratio (n), the shear span ratio (a/D), the concrete 
strength (fc’), the strength enhancement ratio for confined concrete (K), and the longitudinal 
reinforcement ratio (g). 
 
As can be seen from Fig. 5-12, coefficient a has a very strong correlation with the axial load 
ratio (n), but is obviously independent of the other factors. Based on the results shown in Fig. 
5-12, the following equation can be derived to calculate coefficient a in Eq. (5.11).  
011.0159.0  nA         (5.11) 
Unlike coefficient a, however, the calculated coefficient b exhibits little correlation with the 
structural factors as shown in Fig. 5-13. For sake of simplicity, coefficient B will be taken as a 
constant of 0.64, which is the average of calculated values for all digital test columns. Then Rres 
can be obtained by Eq. (5.12).  
 
  .04.0   ,011.0159.0 64.0 radRenR Rres                  (5.12) 
 
  
Fig. 5-11 Examples of the measured residual drift angles 
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Fig. 5-12 Influence of main structural factors on coefficient A 
 
  
  
Fig. 5-13 Influence of main structural factors on coefficient B 
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Fig. 5-13 Continued 
 
To verify validity of Eq. (5.12), the theoretical residual drift angles by Eq. (5.12) are compared 
with the experimental results in Fig. 5-14 and Fig. 5-15 for tubed and spiraled columns, 
respectively.  
 
For the tubed circular columns, the predicted results (“Predicted”) by Eq. (5.12) exhibit nearly 
the same accuracy as those (“Analytical”) obtained by integrated method.  While accuracy of 
“Predicted” results for the spiraled columns is a little lower than “Analytical” ones, simplicity 
of Eq. (5.12) means that Eq. (5.12) is acceptable for practice.  
 
  
  
Fig. 5-14  Comparisons between the experimental and theoretical residual drift angles for 
tubed columns 
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Fig. 5-14 Continued 
 
  
  
Fig. 5-15 Comparisons between the experimental and theoretical residual drift angles for 
spiraled columns 
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Fig. 5-15 Continued 
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5.4 Modeling of hysteresis loop 
Based on the test results described in chapter two, a multi-linear mode will be presented to 
simulate hysteretic loops of drift-hardening concrete columns. As shown in Fig. 5-16, the 
proposed hysteretic model consists of six straight lines: AB, BC, CD, DE, EF, and FA. 
 
When unloading from point A on the envelope curve occurs, the lateral resistance will go down 
to point B with the initial stiffness (Ki) as its slope, and then to point C, whose abscissa 
represents the residual drift angle corresponding to the unloading peak drift angle (Vi). If 
loading in reversed direction commences, line CD is the loading path.  
 
Path of reloading from point F goes along with line FA for the first cycle, but for the second 
cycle, reloading path will go from point F to point AA, which has the same abscissa as point A 
but 5% lower lateral force than Vi, to account for the strength degradation due to loading cycling. 
Reloading of subsequent cycles at the same drift amplitude (Ri) need not account for further 
strength degradation as observed in the test results.  
 
If reloading occurs at a point located on the unloading path (line BC or line CD), the lateral 
force will go upward with Ki as its slope and then turn from the intersection point with line FA 
or line EF towards point A for the first cycle.  
 
Comparisons between the predicted hysteretic loops and the experimental ones are shown in 
Fig. 5-17 to verify accuracy of the complete hysteretic model proposed in this chapter.  
 
 
Fig. 5-16 Outline of proposed hysteretic loop  
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Fig. 5-17 Comparisons between the predicted and experimental hysteretic loops. 
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Fig. 5-17 Continued 
As one can see from Fig. 5-17, the hysteretic loop model proposed in this chapter can give close 
prediction of the experimental results up to large drift level with sufficiently high accuracy. 
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5.5 Conclusions 
To simplify analysis of overall seismic performance of concrete structures utilizing the 
proposed drift-hardening concrete columns, a complete hysteretic loop model is proposed in 
this chapter. The proposed model consists of equations for the capacity envelope curve, a 
formula for assessing the residual drift angle, and a multi-linear function for tracing hysteretic 
loops. 
 
Through comparisons with the experimental results, the following conclusions can be drawn: 
 
1) Equations for evaluating capacity curve of circular drift-hardening columns can predict 
experimental curves very well up to large drift angle. This fact implies that these 
equations provide a simple and effective tool enabling structural engineers to conduct 
reliable and accurate performance-based seismic design of drift-hardening concrete 
structures and/or bridge piers. 
 
2) The proposed formula, Eq. (5.12), can give a simple and good prediction of residual 
drift angle for the tubed columns with the same and high accuracy as the integrated 
analytical method (IAM) presented in chapter four. While the accuracy of Eq. (5.12) is 
lower than that of IAM for the spiraled columns, it still shows fairly good agreement 
with the measured residual drift angles on conservative side. 
 
3) The multi-linear function presented in this chapter predicts the experimental hysteretic 
loops with high accuracy for both tubed and spiraled columns. 
 
4) Within the ranges of structural factors studied in this chapter, overall seismic 
performance of circular drift-hardening concrete columns can be reasonably and 
reliably evaluated by the proposed complete hysteretic model. The applicable ranges of 
the developed model can be summarized as i) 1.5, 2.0, 3.0, 4.0 for shear span ratio,        
ii) 0.15, 0.33, 0.6 for axial load ratio, iii) 27 MPa, 42 MPa, 60 MPa for concrete strength, 
iv) 1.5%, 2.0%, 3.0% for steel amount of longitudinal rebars. 
[1.6]  
While above conclusions were drawn from the analytical results of the columns with diameter 
of 250mm, they are expected to be applied to larger columns, which need further verification. 
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CHAPTER SIX  
6 Conclusions and Future works 
 
6.1 Conclusions 
Based on lessons learned from recent stronger earthquakes than anticipation, the structural 
engineering community has paid more and more attention to the development of drift-hardening 
or resilient concrete components with the goal to reduce recovery cost of human society after 
strong earthquakes. Previous studies have indicated that utilization of longitudinal SBPDN 
rebar and steel tube confinement is an effective and simple way to make drift-hardening 
concrete columns. However, to promote and amplify the application of drift-hardening concrete 
components in construction industry, there are still several important issues needed to be 
addressed. They are, 1) seismic performance of longer circular concrete columns in buildings, 
2) seismic performance of longer square concrete columns, and 3) improvement of accuracy of 
cyclic model for circular drift-hardening concrete columns. 
 
Experimental and analytical studies are conducted in this doctor thesis to address the above-
mentioned issues. The paper consists of six chapters. Except chapter one, which presents 
backgrounds and research motivation, chapter two through chapter five cover the experimental 
and analytical works.  
 
The main conclusions drawn in chapter two through chapter five will be summarized as the 
conclusions made by this doctor thesis below. 
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In Chapter two, to verify if the combination of ultra-high strength but low bond strength SBPDN 
rebars and partial confinement by bolted steel tubes can make long drift hardening concrete 
columns, a total of twelve circular concrete columns were fabricated and tested under cyclic 
reversed lateral load and constant axial compression. Besides the type of longitudinal rebars, 
the other main experimental variables included the shear span ratio (2.0, 3.0, and 4.0), the axial 
load ratio (0.10, 0.33. 0.45, 0.50), the confinement method (spiral and bolted steel tube 
confinement), and the utilization of anchorage for SBPDN rebars at the middle of column height. 
From the experimental results and discussion described in this chapter, the following 
conclusions can be drawn:   
 
1) Combination of the partial confinement by the bolted steel plates (tube) and the ultra-
high strength SBPDN rebars with low bond strength can ensure high and stable lateral 
load resistance to circular concrete columns with shear span ratio as large as 4.0.  
  
2) For circular concrete columns with shear span ratio of 3.0, the utilization of SBDPN 
rebars and steel tube confinement can provide the column under high axial load ratio of 
0.45 with a resilient drift angle of 0.05 rad., until which drift hardening behavior can be 
expected.   
 
3) For circular concrete columns with shear span ratio of 4.0, the utilization of SBDPN 
rebars and steel tube confinement can provide the column under high axial load ratio of 
0.33 with a resilient drift angle of 0.05 rad. Even for the columns under higher axial 
load ratio of 0.50, the thin steel tubes still assure a resilient drift angle of 0.035 rad.  
 
4) The residual drift angle of circular concrete columns, long and common, can be 
controlled to very low when the columns are hit by a design strong earthquake. The 
residual drift angle corresponding to the loading amplitude of 0.02 rad., was kept under 
0.002 rad. through 0.0025 rad., which are much less than the maximum residual drift 
angle of 0.005 rad. for ductile concrete components with zero non-reparability. 
 
5)  Considering the thin thickness, which is about 158 in terms of diameter-to-thickness 
ratio, of the bolted steel tubes, it can be said that the combination of bolted steel tube 
confinement and SBPDN rebars has a good cost performance and hence is feasible in 
practice.  
 
In chapter three, six one-third scale square concrete columns were fabricated and tested under 
high axial loads to investigate if it is feasible to make square drift hardening concrete columns 
by utilizing ultra-high strength reinforcement as longitudinal rebars. The experimental variables 
were the shear span ratio (2.5 to 4.0), concrete strength, and the type of ultra-high strength 
Chapter 6 
131 
 
rebars. From the experiments and the testing range described in this chapter, the following 
conclusions can be drawn.   
 
1) While concrete strength varied widely between 29.0 MPa and 71.4 MPa, the utilization 
of SBPDN rebars could provide square concrete columns with drift hardening angle of 
at least 0.03 rad., unloading from which the residual drift angle is controlled below 0.005 
rad. The smallest drift hardening angle of 0.03 rad. was measured in specimen with 
shear span ratio of 4.0 and under axial load ratio of 0.33. 
 
2) The use of USD 685 deformed rebars could also provide square column with sufficient 
drift hardening angle, while smaller than that provided by SBPDN rebars. However, 
early development of stress in USD 685 rebar due to its high bond strength gave higher 
lateral resistance and hence required much more transverse steel to provide higher shear 
capacity and avoid the inversion of failure mode at larger drift angle. 
 
3) Square columns made of SBPDN rebars exhibited smaller drift hardening drift level 
than circular columns due to the spalling off of cover concrete in the former has more 
serious influence on the degradation of lateral resistance than in the latter. Therefore, it 
can be presumed that combination of SBPDN rebars and steel tube confinement may 
enhance the drift hardening angle of square columns.  
 
In chapter four is intended to refine an analytical method for assessing cyclic behavior and 
properties of concrete columns reinforced with SBPDN rebars. The refinement is achieved by, 
1) taking account for the double confinement effect by steel tube and/or spirals on the concrete 
contained by steel tubes, 2) modifying assessment of bond strength, in particular the residual 
bond strength of SBPDN rebar at large slip, and 3) reevaluating the plastic hinge length of 
concrete columns.  
 
To verify validity and accuracy of the refined analytical method in evaluating cyclic behavior 
of circular drift-hardening concrete columns, and to clarify if it can be applied to square drift-
hardening concrete columns, the theoretical predictions by the refined method are compared 
with the measured results in terms of lateral load – drift angle relationship or the capacity curve, 
the residual drift angle, and the equivalent viscous damping ratio for the test columns described 
in chapters two and three.  
 
Based on the comparisons, within the ranges of the structural factors including shear span ratio 
(up to 4.0), concrete strength (up to 70MPa), and axial load ratio (up to 0.50) adopted in the 
tests described in chapters two and three, the following conclusions can be drawn: 
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1) The analytical hysteretic loops and/or capacity curves by the refined method predict the 
experimental results fairly well up to large drift. The discrepancy between the 
theoretical and experimental results becomes larger on conservative side along with the 
shear span ratio and axial load ratio for tubed and spiraled columns, but the theoretical 
curves do trace the stable response of tubed and spiraled columns up to large drift. 
 
2) For circular columns confined by steel tube and spirals simultaneously, the 
improvement in the prediction of the capacity curve by the refined method is 5% at 
maximum, but the theoretical drift angles exhibit much better agreement with the 
measured results than those by original method. 
 
3) For square columns confined by hoops, the refined analytical method can give a fairly 
good prediction of the measured results while the theoretical capacity curves differ from 
the measured one with larger discrepancy than circular columns. This can be attributed 
to the ignorance of the so-called extra confinement by the stiff loading stub while this 
kind of confinement effect has been widely recognized in conventional square concrete 
columns. 
 
4) For circular and square columns without confinement by steel tube, to accurately predict 
their residual drift angles, the plastic hinge length of the columns shall be related to their 
shear span as recommended in current design codes such as EN1998-2 or ATC 32 rather 
than taken as a constant, e.g. 1.0D. 
 
 
In chapter five, to simplify analysis of overall seismic performance of concrete structures 
utilizing the proposed drift-hardening concrete columns, a complete hysteretic loop model is 
proposed in this chapter. The proposed model consists of equations for the capacity envelope 
curve, a formula for assessing the residual drift angle, and a multi-linear function to trace the 
hysteretic loops. Through comparisons with the experimental results, the following conclusions 
can be drawn: 
 
1) Equations for evaluating capacity curve of circular drift-hardening columns can predict 
experimental curves very well up to large drift angle. This fact implies that these 
equations provide a simple and effective tool enabling structural engineers to conduct 
reliable and accurate performance-based seismic design of drift-hardening concrete 
structures and/or bridge piers. 
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2) The proposed formula   Rres enR 064011.0159.0  , can give a simple and good 
prediction of residual drift angle for the tubed columns with the same and high accuracy 
as the integrated analytical method (IAM) presented in chapter four. While the accuracy 
of formula is lower than that of IAM for the spiraled columns, it still shows fairly good 
agreement with the measured residual drift angles on conservative side. 
 
3) The multi-linear function presented in this chapter predicts the experimental hysteretic 
loops with high accuracy for both tubed and spiraled columns.  
 
4) Within the ranges of structural factors studied in this chapter, overall seismic 
performance of circular drift-hardening concrete columns can be reasonably and 
reliably evaluated by the proposed complete hysteretic model. 
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6.2 Future works 
The study presented in this thesis has covered important fields of drift-hardening or resilient 
concrete columns, which have been theoretically and experimentally investigated by the 
research team of Prof. Sun at Kobe University for the last decade. There are, however, still 
several problems remained to be studied further from the viewpoint of establishing a design 
standard for the drift-hardening concrete columns and bridge piers. These problems are listed 
below as the future works.  
  
1) Effect of the quantity of SBPDN rebar on the overall seismic performance: All test 
columns studied in this thesis have a constant steel amount of SBPDN rebars. However, 
it is verified analytically in chapters four and five that the steel amount exhibits strong 
influence on the secondary stiffness of columns. This observation needs to be 
experimentally verified. 
 
2) Effect of diameter of SBPDN rebar on the performance: The bond stress-slip behavior 
and bond strength of SBPDN rebar may be influenced by its diameter as observed in 
common deformed rebars. Experimental information about the effect of steel diameter 
on the bond behavior is desirable.  
 
3) Seismic behavior of tubed square concrete columns: The hooped square columns with 
SBPDN rebars exhibit lower resilience than the spiraled and tubed circular columns 
because of the much lower confinement effect by rectilinear hoops and of more 
significant negative effect of spalling off of the concrete shell. It is necessary to 
experimentally investigate seismic behavior of square columns doubly confined by the 
bolted steel tubes and hoops to develop square drift-hardening columns with higher 
resilience. 
 
4) Development of simplified hysteretic model for square drift-hardening columns: The 
hysteretic model developed in chapter five is only suitable for circular drift-hardening 
concrete columns. To apply square drift-hardening columns, a simplified hysteretic 
model for square columns is indispensable.  
 
While simplified hysteretic model in chapter five was developed from the analytical 
results of the columns with diameter of 250mm, they are expected to be applied to larger 
columns, which need further verification. 
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